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!Preface
Many Gram-negative bacteria are human pathogens posing an ever-growing health threat 
worldwide. Moreover, the widespread and uncontrolled use of antibiotics is causing a severe 
bacterial evolutional pressure. Consequently, more and more micro-organisms, including 
Pseudomonas aeruginosa, are gaining Multi Drug Resistance (MDR) and/or Multi Drug 
Tolerance (MDT), further annihilating our fight against bacterial infections. Therefore, 
finding the right strategies such as the discovery of new antimicrobial drugs is urgently 
needed.
Essential to bacterial pathogenesis are a diversity of fundamental and interdependent 
processes that often employ large macromolecular assemblies. One such process is bacterial 
secretion. Secretion is the selective transport of proteins or other (macro)molecules over the 
cell membrane from the interior of the cell to the outside environment or cell surface. 
Because of its prominent role in bacterial pathogenesis, blocking bacterial secretion might be 
a promising alternative for the classical antibiotic therapies. Fundamental studies to reveal 
how bacterial secretion exactly work are thus of great interest. In this PhD thesis we focus on 
the type II bacterial secretion system (T2SS) of P. aeruginosa. Despite the wealth of 
information available, the exact functioning of the system is still enigmatic. Especially the 
mutual stoichiometry and relative arrangement of the different components are still one of 
the most intriguing questions in the field. With the work described in this thesis we wanted 
to try to answer some of these questions, with a focus on the structural and functional 
characterization of two central T2SS proteins: XcpPC and XcpQD. 
In chapter 2 and 3 of this dissertation, we give more insights into the oligomeric state of 
both XcpQD and XcpPC. Especially in the case of XcpQD this has led to new insights in how 
the secretin is assembled and might eventually work. In chapter 4, we focus more on the 
interaction between both proteins, which we have investigated using a combined approach 
of chemical cross-linking  and the identification of the cross-linked sites by mass-
spectrometry. But we will start with introducing the T2SS in context of Gram-negative 
bacteria. 
III
IV
Abbreviations
2Me-glycine n-dodecyl-n,n-dimethyl glycine
ABC ATP-binding cassette
ACN Acetonnitrile
ADP Atomic Displacement parameter
AMPNP Adenosine 5′-(β,γ-imido)triphosphate
Anz3-10 Anzergent 3-10
Anz3-12 Anzergent 3-12
AT Autotransporter (T5SS)
ATP, ADP Adenosine triphosphate (di)
AUC Analytical Ultra Centrifugation
Bam complex β‑barrel assembly machinery complex
bp basepair
Cb Carbenicillin
CC Coiled Coil
CD Circular Dichroism
CID collision induced dissociation
Cm Chloramphenicol
CMC Critical Micelle Concentration
Cryo-EM Cryo-Electron Microscopy
CTD C-terminal Domain of GspER
DDM n-Dodecyl β-D-maltoside
DFDNB 1,5-Difluoro-2,4-dinitrobenzene
DTT Dithiothreitol
EDC/NHS 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-Hydroxysuccinimide
EHEC Enterohemorrhagic Escherichia coli
EM Electron Microscopy
V
EMDB Electron Microscopy Database
EPEC Enteropathogenic Escherichia coli
ESI Electrospray Ionization
ESI-MS electrospray ionization mass spectrometry
ETEC enterotoxigenic Escherichia coli
FRET Förster/Fluorescence Resonance Energy Transfer
FT-ICR-MS Fourier transform ion cyclotron resonance mass spectrometer
GnHCl guanidinium hydrochloride
HPP Hyper pseudopilus
HR Homology Region (in context of XcpP)
IM Inner Membrane
IM-MS Ion Mobility Mass Spectrometry
IMAC immobilized metal affinity chromatography
IPTG isopropyl β-D-1-thiogalactopyranoside
IUP Intrinsically/Inherently Unstructured Protein
Kan Kanamycin
KD Dissociation Constant (= koff/kon) 
Kin Kinetic analysis (SPR)
LB Lysogeny Broth
LC-MS Liquid Chromatography Mass Spectrometry
LDAO n-Dodecyl-N,N-Dimethylamine-N-Oxide
MALDI Matrix Assisted Laser Desorption Ionization
MALLS Multi Angle laser Light Scattering
MD Molecular Dynamics
MDR Multidrug Resistant
MDT Multidrug Tolerance
MFP Membrane-fusion protein
MS Mass Spectrometry
MW molecular weight
MWCO Molecular weight cut-off
Ni-NTA Nickel nitrilotriacetic acid
NMR Nuclear Magnetic Resonance
NTD N-terminal Domain of GspER
NTPase NTP hydrolase
OD Optical Density
OM Outer Membrane
OMP outer membrane protein
ON overnight
PCR Polymerase chain reaction
pdb protein structure database
VI
PG Peptidoglycan layer
PL phospholipid
PM Plasma membrane = inner membrane
PMF proton motive force
POTRA polypeptide-transport-associated
R plasmid Resistance Plasmid
RGP Region of Genomic Plasticity
RMSD root-mean-square deviation
RNC Ribosome-nascent chain
RT room temperature
SA Signal Anchor
SAD single wavelength anomalous diffraction
SAXS small angle x-ray scattering
SDS-PAGE Sodium Dodecylsulfate Polyacrylamide Gel Electrophoresis
Sec Size exclusion chromatography
Sec pathway Secretion pathway
SN Supernatant
SPR Surface Plasmon Resonance
SRP Signal Recognition Particle
SS Signal Sequence
SS Steady State analysis (SPR)
T4aPS Type IVa Pilus System
T4bPS Type IVb Pilus System
Tat system Twin-arginine translocation system
TM transmembrane, often in context of the transmembrane domain or helix. 
TOF Time of Flight
TPS two-partner secretion (T5SS)
TxSS Type x Secretion System in which x is replaced by I to VI
β-OG β-octylglucopyranisode
VII

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!" 1
Chapter 1
General Introduction
1.1. ! Pseudomonas and the pseudomonads
Pseudomonads are a group of gram-negative Proteobacteria that includes genera like Pseu-
domonas, Burkholderia, Zymomonas and Xanthomonas. All the members in this group are che-
moorganotrophic aerobic straight or slightly curved rods with a polar flagella (Fig. 1.1). 
Other key identifying characteristics are the absence of gas formation from glucose and the 
positive oxidase test. 
One striking property of many species of pseudomonads is the wide variety of organic com-
pounds used as carbon and energy sources. For example a single strain of Burkholderia cepa-
cia is able to use many different sugars, fatty acids, dicarboxylic acids, tricarboxylic acids, 
alcohols, polyalcohols, glycols, aromatic compounds, amino acids, amines, plus numberless 
other organic compounds. Because of this versatility, pseudomonads can be found in a wide 
variety of environmental conditions, such as soil and water, as well as on plant and animals 
tissue. They are ecologically important as they are probably responsible for the breakdown 
of many soluble compounds derived from other organisms such as plants or animals. In ad-
dition, they are also capable of breaking down xenobiotic (not naturally occurring) com-
pounds, such as pesticides and other toxic chemicals, making them relevant organisms for 
bioremediation (Brock biology of microorganisms, 2009). 
The pseudomonad species Pseudomonas aeruginosa belongs to the genus Pseudomonas from 
the family of Pseudomonadaceae and the order of Pseudomonoadales in the class of Gammapro-
teobacteria. It is frequently associated with infections of the urinary and respiratory tracts in 
humans or in patients receiving treatment for severe burns or other traumatic skin damage. 
The bacteria are also associated with chronic respiratory infections in patients suffering from 
cystic fibrosis (http://www.pseudomonas.com). In rare cases, Pseudomonas aeruginosa can also 
cause systemic infections, usually in individuals who have experienced extensive skin dam-
age. 
Pseudomonas aeruginosa in not an obligate parasite. Instead, the organism is an opportunist, 
meaning that it initiates infections in individuals whose resistance is low. In this regard, P. 
aeruginosa infections are often acquired by patients in hospitals trough cross-infection from 
patient to patient or from hospital personnel to patients. In this case the infection is also 
called a nosocomial infection. 
One of the most worrisome characteristics of P. aeruginosa is its low antibiotic susceptibility, 
making therapy rather difficult. This low susceptibility is related to a combination of both an 
intrinsic (natural) resistance to antibiotics and an acquired resistance by either mutation in 
chromosomal encoded genes or by the horizontal gene transfer of antibiotic resistance de-
terminants encoded on so called R (resistance) plasmids. An example of the natural resis-
tance in Pseudomonas aeruginosa is the reduced permeability of the bacterial cellular enve-
lopes against penicillins. 
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1.2. ! Bacterial secretion and pathogenesis
The term pathogenesis describes the origin and the development of a disease, in this case 
caused by a harmful interaction between a microorganism and the host. The relative ability 
of a pathogen to cause the disease, is called virulence. Extracellular proteins produced by the 
microorganisms that aid in the establishment and maintenance of the disease are called viru-
lence factors. 
Bacterial pathogenesis starts with the exposure of the micro-organism to the host cells (Fig. 
1.2). After exposure, bacteria able to initiate infection often adhere specifically to epithelial 
cells through macromolecular interactions between the surfaces of the pathogen and the 
host. Some of these macromolecules are not covalently attached to the bacteria, but form a 
loose network of polymer fibers surrounding the cell (i.e. capsule) or extending from the cell 
(i.e. slime layer). These polymers are formed by polysaccharides, protein, or protein-
carbohydrate mixtures synthesized and secreted by the bacteria. Some bacteria produce spe-
cialized surface protein structures that aid in the attachment process, such as fimbriae and 
pili. Pili are typically longer than fimbriae, but are lesser abundant on the cell surface. In 
both cases, pili and fimbriae function by binding to the host glycoproteins. Flagella, the bac-
terial motion-motor, can also increase adherence and hence lead to enhanced virulence.
Following adhesion, most pathogens penetrate the epithelium, a process which we call inva-
sion. The invasiveness of bacteria is often enhanced by the production and secretion of di-
verse extracellular enzymes, such as proteases, nucleases or lipases. An example of such a 
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Figure 1.1 - Scanning Electron Micrograph (SEM) of Pseudomonas aeruginosa cells. Note 
the polar flagella in blue. Source: NIH, © Dennis Kunkel/Microscopy, Inc.
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Figure 1.2 - Micro-organisms and pathogenesis. Schematic overview of the different 
steps in the pathogenesis of micro-organisms. Figure adapted from reference (Brock 
biology of microorganisms, 2009).
virulence factor is the enzyme hyaluronidase, an enzyme that breaks down hyaluronic acid, 
a major component of the intercellular matrix of the host tissue. At the point of entry, the 
bacterial starts to multiply and grow, a process called colonization. In order to grow in the 
host, the pathogen must find appropriate nutrients and environmental conditions. The abil-
ity to grow on complex nutrients such as glycogen may be favored. Other bacteria secrete 
digestive enzymes or other specialized molecules, such as siderophores, to release or capture 
micronutrients from the environment.
Virulence is the relative ability of the pathogen to cause host damage. There are two ways to 
cause this damage: by 1) toxicity or 2) invasiveness. Toxicity is the ability to produce and se-
crete of a specific toxin that inhibits the host cell function. A few organisms are pathogenic 
solely because of their toxicity and do not invade the host tissues. An example is the bacteria 
Clostridium tetani, involved in the disease tetanus. However, most bacteria, including Pseu-
domonas aeruginosa, are virulent because of a combination of toxicity and their invasiveness 
to the host tissue. 
1.3. ! Protein secretion in Gram-negative bacteria
Secretion is the selective transport of proteins over the cell membrane from the interior of the 
cell to the outside environment. It is an essential step needed for numerous processes such as 
organelle biogenesis and nutrient acquisition. However, as mentioned above, bacterial secre-
tion also plays a major role in pathogenesis and virulence of the micro-organism. As more 
and more pathogens acquire antibiotic resistance, blocking bacterial secretion might be 
therefore a promising alternative for the classical antibiotic therapies (Baron 2010). Funda-
mental studies to reveal how bacterial secretion systems exactly work are thus of great inter-
est.
Gram-negative bacteria are surrounded by two membranes, an inner membrane (IM) and 
outer membrane (OM) (Fig. 1.3), separated by a hydrophilic space, called the periplasm. 
This periplasm contains a thin (2-8 nm) peptidoglycan layer, which gives structural strength 
to the cells and counteracts the osmotic pressure of the cytoplasm. In order to be translo-
cated to the extra cellular space, the exoproteins (i.e. the secreted proteins) have to cross 
these two hydrophobic barriers. To overcome these barriers, gram-negative bacteria have 
evolved several highly sophisticated secretory systems (Filloux et al. 1990). In total, six dif-
ferent secretion systems have been described up to now in Gram-negative bacteria, labelled 
Type I to VI (Gerlach & Hensel 2007). However, strictly speaking, the assembly of adhesive 
protein assemblies on the surface of Gram-negative bacteria can also be considered as a se-
cretion process. Among them are the Type IV pili and the Type I pili. The latter are build up 
in the OM by the so called Chaperone-Usher pathway (Filloux 2011; Gerlach & Hensel 2007). 
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In general, the secretion systems can be split in two categories: (1) those that transport pro-
teins from the cytoplasm directly to the extracellular space (one-step) or (2) those that trans-
port proteins from the periplasm to the extracellular space (two-step). In the latter, the exo-
protein is first translocated independently over the inner membrane to the periplasm. To fa-
cilitate protein transport across this barrier, bacteria are equipped with membrane embed-
Chapter 1 - General Introduction
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Figure 1.3 - Envelope of Gram-negative bacteria. Gram negative bacteria are sur-
rounded by two membranes: the inner membrane (IM) and outer membrane (OM), 
separated by the periplasm containing the peptidoglycan layer. IM = inner membrane, 
OM = outer membrane, PL = phospholipid,  PM = plasma membrane (= IM), PG = 
peptidoglycan layer. Figure adapted from references (Beveridge 1999) and (Ruiz et al. 
2009).
ded protein transport systems that allow the transport of proteins across the membrane into 
the periplasm or the insertion of proteins into the membrane (Kudva et al. 2013). These sys-
tems are generally known as the Sec translocon, the Tat system and the YidC insertase, and 
are found throughout the three domains of life; Bacteria, Archaea and Eukaryota (Papanikou 
et al. 2007). An overview of these systems is given in figure 1.4. In the next section, these in-
ner membrane transport systems will first briefly describe, followed by a brief summary of 
the different secretion systems mediating transport over the outer membrane.
1.3.1. !Protein transport over the inner membrane
One of the best characterized general export pathway is the Sec (secretion) pathway. It is 
present in all bacteria, archaea, and in the endoplasmic reticulum membrane of eukaryotic 
cells. Central in the Sec apparatus there is the heterotrimeric SecYEG translocon and the di-
meric peripheral membrane protein SecA, which functions as an ATPase. A soluble compo-
nent of the Sec machinery is SecB. The Sec translocon has two functions; it transports secre-
tory proteins across the inner membrane and inserts membrane proteins into the inner 
membrane (Kudva et al. 2013). This dual role makes it functionally distinct from the YidC 
insertase, which has so far been shown to mainly aid the insertion of membrane proteins 
(Dalbey et al. 2011) (Fig. 1.4).
YidC is found in all bacterial species, many archaea and in bacteria-derived organelles like 
mitochondria or chloroplasts (Funes et al. 2011). YidC can function as a stand-alone insertase 
(Samuelson et al. 2000), but can also interact with the Sec complex, probably via the interac-
tion with the inner membrane proteins SecDF-YajC (Nouwen & Driessen 2002)(Fig 1.4). In 
addition to its insertase function, YidC also functions as a foldase involved in orchestrating 
the correct packing the TM segments of some membrane protein (Beck et al. 2001; Nagamori 
et al. 2004). 
Proteins using the SecYEG or YidC can use two different targeting pathways; inner mem-
brane proteins are predominantly translocated co-translationally and depend on the signal 
recognition particle (SRP), while periplasmic or outer membrane proteins are targeted both 
co- and post-translationally and depend on SecA/SecB (Fig. 1.4). The decision whether a 
protein is targeted into either the co-translational or the post-translational pathway is aided 
by the presence of a unique identification tag, the signal sequence. Periplasmic or outer 
membrane proteins have a “classical” N-terminal signal sequence (SS) that consists of a posi-
tively charged N-region, a central hydrophobic H-region, and a more polar C-terminal re-
gion containing the signal peptidase cleavage site (Hegde & Bernstein 2006; Heijne 1990). In 
contrast, signal sequences of membrane proteins are generally more hydrophobic and in 
most cases do not contain a signal peptidase cleavage site. This uncleaved signal sequence 
serves as an anchor for the membrane protein into the lipid bilayer and is referred to as a 
signal anchor (SA) sequence (Fig. 1.4).
Chapter 1 - General Introduction
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If a SA sequence emerges from the ribosomal exit tunnel, it is recognized and bound by the 
targeting factor bacterial signal-recognition particle (SRP). SRPs are ribonucleoproteins able 
to bind hydrophobic stretches of amino acids (Luirink et al. 2005) or α-helical transmem-
Chapter 1 - General Introduction
8
Figure 1.4 - Schematic overview of the general export pathways: Sec translocon, the 
YidC insertase and the Tat system. Inner membrane proteins are predominantly trans-
located co-translationally and depend on the signal recognition particle (SRP). They 
are inserted in the IM by the YidC insertase, the Sec complex, or a combination of 
both. Periplasmic or outer membrane proteins (carrying a signal are targeted co-
translationally or post-translationally and depend on SecA or SecA/SecB. Some pre-
proteins can be targeted by SRP to SecYEG, but might require SecA ATPase if substan-
tial hydrophilic stretches are present (dashed line). The Tat system is able to transport 
folded proteins across the inner membrane. After translocation, the signal sequence 
might be cleaved by a signal peptidase (SPase). See text for more explanation. SRP = 
Signal Recognizing Particle, SA = signal anchor (red), SS = signal sequence (blue), RR 
= twin arginine motif (green), SPase = Signal peptidase. 
brane (TM) domains of membrane proteins close to the N-terminal region of the protein 
(Beck et al. 2000; Welte et al. 2012). The resulting ribosome-nascent chain (RNC) complex is 
further targeted to the membrane anchored SRP receptor protein FtsY and the RNC is trans-
ferred to the Sec-YEG translocon, YidC insertase, or to the complex of both (Fig. 1.4). Pro-
teins with a SA sequence are laterally inserted to the lipid bilayer of the inner membrane. In 
contrast, when a signal sequence (SS) is exposed from the ribosome, the SRP is replaced by 
SecA. The resulting RNC is targeted to SecYEG via specific interactions between SecA and 
SecY and finally transported co-translationally. Alternatively, the protein can be translocated 
post-translationally where SecB binds to the protein and holds the substrate into a transloca-
tion competent state (i.e. more or less unfolded state). Next, the SecB-preprotein complex is 
recognized by SecA and the protein is translocated through the SecY pore with the aid of 
SecA which results in a release of SecB. Some pre-proteins can be targeted by SRP to SecYEG, 
but might require SecA ATPase if substantial hydrophilic stretches are present (Neumann-
Haefelin et al. 2000). Finally, the signal sequences of Sec translocated proteins are removed in 
the periplasm by inner membrane embedded signal peptidases (SPase I). Signal peptides of 
lipoproteins require cleavage by SPase II (Paetzel et al. 2002). After cleavage the protein is 
released in the periplasm or integrate into the lipid bilayer (Papanikou et al. 2007). 
The Tat (twin-arginine translocation) system is able to transport folded proteins across the 
inner membrane, making it different from the two above mentioned transport systems, 
which are specific for unfolded proteins. Tat substrates are often co-factor containing pro-
teins and the insertion of co-factors is mainly restricted to the cytosol. The Tat system is pre-
sent in most bacterial and archaeal species, and chloroplasts in plants, but absent in mito-
chondria (Bolhuis 2002; Santini et al. 1998; Settles et al. 1997). Tat-targeted proteins cary a 
Tat-specific signal sequences. This signal sequence shares the canonical structure of the 
“classical” signal sequence found in Sec-targeted proteins but with the sole difference that it 
contains a consensus S-R-R-x-F-L-K motif at the distal end of the N-region (Berks et al. 2005; 
Berks et al. 2000). The presence of the Arg pair (RR) has given the name to the system. After 
translocation, the signal peptide is cleaved by a signal peptidase (see above) (Lüke et al. 
2009). 
Basically, the Tat system consists of three membrane proteins: TatA, TatB and TatC (Berks et 
al. 2000; Kudva et al. 2013). In enterobacteria an additional paralogue of TetA, called TatE, was 
found to be expressed and can functionally replace TatA (Baglieri et al. 2012; Yen et al. 2002). 
Furthermore, in most proteobacteria the tatABC operon contain an extra tatD gene encoding 
for a cytosolic protein with DNase activity. However, the TatD protein seemed not to be es-
sential for the protein export (Wexler et al. 2000). The exact mechanism on how the folded 
proteins are recognized and subsequently translocated by the Tat system is still unclear. 
However, it is believed that TatC proteins function in the specific recognition of substrate, 
whereas TatA might be the major pore-forming subunit (Berks et al. 2000; Kudva et al. 2013). 
Furthermore, the transport was found to be solely dependent on the proton motive force 
(PMF) for its source of energy (Mould et al. 1991). In contrast, the Sec pathway uses energy 
from both the PMF and ATP or GTP (ribosome) hydrolysis to transport unfolded proteins. 
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Most Tat substrates undergo cytosolic folding, maturation (e.g. insertion of cofactors) and 
even oligomerisation events prior to export (DeLisa et al. 2003; Jack et al. 2004; Panahandeh 
et al. 2008; Sanders et al. 2001; Santini et al. 1998). However, also monomeric and cofactor-
less proteins can be a substrate for the Tat system, as it is the case for the majority of secreted 
proteins in halophilic Archaea (Hutcheon & Bolhuis 2003; Rose et al. 2002). Notably, the Tat 
system is even capable of transporting unstructured peptides provided that those do not ex-
ceed a length of about 100-120 amino acids and are deficient in hydrophobic residues (Cline 
& McCaffery 2007; Richter et al. 2007). Most Tat substrates are secretory proteins released 
after membrane passage, by cleavage of the signal sequence. However, some proteins might 
be remained anchored by either N- or C-terminal transmembrane segments (Hatzixanthis et 
al. 2003). An example of such a membrane-bound protein is the Rieske iron-sulfur protein, 
which is an essential component of the cytochrome bc(1) and cytochrome b(6)f complexes in 
bacteria and plants (Jack et al. 2004; Keller et al. 2012). 
1.3.2. !Protein transport over the outer membrane
In previous section we have described the transport of proteins over the inner membrane to 
the periplasm. Some of these proteins are retained in the periplasm, but other proteins need 
to be translocated to the exterior of the cell and, consequently, have to cross the outer mem-
brane. As mentioned above, gram-negative bacteria have evolved at least six sophisticated 
secretion systems to achieve the translocation over the outer membrane (Holland 2010). Two 
different categories can be observed: a one-step process in which the exoprotein is trans-
ported across both the inner and outer membrane at the same time, or a two-step process in 
which the exoprotein is retained briefly inside the periplasm before its final translocation 
over the outer membrane. In this section we will give a short overview of the six different 
secretion pathways found in gram-negative bacteria so far. A schematic representation of all 
secretion systems is depicted in figure 1.5. An overview of secreted proteins by P. aeruginosa 
per secretion system is given in table 1.2. 
TYPE I SECRETION SYSTEM (T1SS)
T1SS is one of the simplest bacterial secretion systems described to date. It is classified as an 
one-step secretion system, meaning that the substrates is secreted directly from the 
cytoplasm across the OM without a periplasmic intermediate. Exoprotein size can vary from 
very small (5.8 kDa for bacteriocin colicin V or Mcc V ) to very large (> 900 kDa for the RTX 
or MARTX proteins) (Kanonenberg et al. 2013). All substrates contain a Sec-system 
independent secretion sequence, located at either the N-terminus (bacteriocins or colicins) or 
at the C-terminus (all other systems) (Delepelaire 2004; Kanonenberg et al. 2013). The T1SS 
consists of three protein subunits: an IM ATP-binding cassette (ABC) transporter, an IM 
anchored membrane-fusion protein (MFP) that spans the periplasmic space, and an OM 
protein, functioning as the secretion channel. They form a tunnel-like structure through 
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Figure 1.5 - Schematic overview of the 
six bacterial secretion systems: (A) T1-
6SS except T4SS, (B) T4SS. T2SS and 
T5SS are two step secretion systems, 
while T1SS, T3SS, T6SS and T4SS are 
one step secretion systems. For more 
detail see text. Except for T4SS, all se-
cretion system are found in the ge-
nome of Pseudomonas aeruginosa. Fig-
ures adapted from references (Bleves 
et al. 2010) and (Alvarez-Martinez & 
Christie 2009).
which the protein is translocated in an unfolded state. It is currently assumed that the ABC 
transporter provides the energy for transport via binding and hydrolysis of ATP. One 
historical important T1SS is the Escherichia coli α-haemolysin (HlyA) secretion system, 
consisting of the proteins HlyB/HlyD/TolC (Thanabalu et al. 1998). In P. aeruginosa, several 
T1SS have been described, such as the AprDEF system that translocate AprA, an alkaline 
protease, and AprX, a protein of still unknown function, or the HasDEF system, involved in 
the translocation of a heme-binding protein, HasAp (Filloux 2011; Guzzo et al. 1991a; Guzzo 
et al. 1991b; Létoffé et al. 1998).
TYPE II SECRETION SYSTEM (T2SS)
The T2SS is a two step secretion system in which the exoprotein is first translocated over the 
inner membrane via the Sec or Tat pathway, before being exported over the outer membrane. 
The T2SS is unique in its ability to translocate large, sometimes multimeric, folded exopro-
teins or, in some cases, even surface attached proteins, like PulA (d'Enfert et al. 1987b; Ron-
delet & Condemine 2013). Depending on the species, it consists of 12-15 different proteins, 
spread over three subassemblies: an inner membrane complex, an outer membrane secretin 
and a periplasmic fimbriae-like structure, called the pseudopilus (Douzi et al. 2012; Johnson 
et al. 2006). Typically, T2SS are given a specific three letter code, corresponding to the organ-
ism where it was first described. An extra fourth letter indicates a specific protein in the 
T2SS. Generally, homologues proteins are given the same letter, except in Pseudomonas ae-
ruginosa. An overview of the different proteins involved in the T2SS is given in table 1.1. The 
T2SS is highly homologous to the type IV pili system (T4PS), involved in the adhesion and 
twitching motility of bacteria (Mattick 2002). However, T4PS can be divided into the T4aPS 
and T4bPS subgroups, which are distinguished based on pilin size and assembly systems 
(Pelicic 2008). In this regard, the T2SS is homologous to T4aPS. The T2SS will be discussed in 
more detail further in this chapter. 
TYPE III SECRETION SYSTEM (T3SS)
The T3SS or injectosome, is a one-step secretion system by which the exoprotein (in this case 
also called effector protein) is directly “injected” into the cytosol of the host cell. The com-
plex assembles into a multi-protein needle-like structure that transverse both the bacterial 
envelope and the host cell membrane. The architecture of the T3SS is conserved in different 
bacterial species (Burkinshaw & Strynadka 2014; Diepold & Wagner 2014). Typically, the ap-
paratus is composed of cytoplasmic, transmembrane and extracellular segments of which 
the first two segments form the basal body of the machinery, which supplies the energy and 
controls export (Burkinshaw & Strynadka 2014; Diepold & Wagner 2014). The extracellular 
segment of the type III secretion apparatus is formed by the hollow needle-like structure that 
protrudes from the cell surface. Finally, the effector proteins are translocated through this 
needle in an unfolded state (Loquet et al. 2012). The activity of these effectors, which are of-
ten eukaryotic-like proteins, may modify the host response by mimicking the activity of en
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Table 1.1. Components of the T2SS from different organisms. 
T2SS Type IVa pili
Protein Xcpa Hxca Txca Gspb Pulc Outd Exee Epsf Xpsg Pila
Secretin XcpQ HxcQ TxcQ GspD PulD OutD ExeD EpsD XpsD PilQ
Major prepilins XcpT HxcT TxcT GspG PulG OutG ExeG EpsG XpsG PilA
Minor prepilin XcpU HxcU TxcU GspH PulH OutH ExeH EpsH XpsH PilE, 
FimT, 
FimU, 
PilV, 
PilW, 
PilX
XcpV HxcV TxcV GspI PulI OutI ExeI EpsI XpsI
XcpW HxcW TxcW GspJ PulJ OutJ ExeJ EpsJ XpsJ
XcpX HxcX TxcX GspK PulK OutK ExeK EpsK XpsK
Inner membrane complex XcpP HxcP TxcP GspC PulC OutC ExeC EpsC XpsC* PilP
XcpS HxcS TxcS GspF PulF OutF ExeF EpsF XpsF PilC
XcpY HxcY TxcY GspL PulL OutL ExeL EpsL XpsL PilN
XcpZ HxcZ TxcZ GspM PulM OutM ExeM EpsM XpsM PilO
ATPase XcpR HxcR TxcR GspE PulE OutE ExeE EpsE XpsE
PilB, 
PilT, 
PilU
Prepseudopiline peptidase
N-methyltransferase
XcpA 
PilD¶
XcpA 
PilD
XcpA 
PilD GspO PulO OutO TapD VcpD PilD
PilD 
XcpA
Pilotin - - - GspS$ PulS OutS - AspS$ - -
Others XcpN* - - - PulN OutN* ExeN EpsN - -
- - - - - - ExeA EpsA - -
- - - - PulBΦ OutBΦ ExeB EpsB - -
- - - - - - - - - PilM
- - - - - - - - - PilY1
- - - - - - - - - PilZ
- - - - - - - - -
- - - - - - - - -
a Pseudomaons aeruginosa (Txc is only observed in strain PA7, while Xcp and Hxc are more generally present), 
b Escherichia coli, c Klebsiella oxytoca, d Dickeya dadantii  (formerly know as Erwinia chrysanthemi), e Aeromonas hydro-
phila, f Vibrio cholerae, g Xanthomonas campestris. D. dadantii also encodes a second T2SS, Stt (Ferrandez & Condem-
ine 2008). ¶XcpA is identical to PilD. *XpsC was initially named XpsN, OutN is present in Erwinia carotovora, 
XcpN is only present in Pseudomonas putida. $in E.coli K12 GspS is called YacC and has limited similarity with 
PulS, in EHEC GspS is also called EtpO (Schmidt et al. 1997), in ETEC GspS is also called YghG (T2SSβ) (Strozen 
et al. 2012). AspS (Alternate secretin pathway subunit S) is encoded outside of the Eps cluster in V. cholerae (Dun-
stan et al. 2013). YacC, EtpO, YghG, PulS, OutS and AspS are all lipoproteins. ΦPulB is not required for secretion 
of K. oxytoca pullulanase while OutB is required for protein secretion in D. dadantii. See text for more explanation.
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dogenous proteins, which results in host function disruption. In Pseudomonas aeruginosa four 
effector proteins, named ExoS, ExoT, ExoU, and ExoY, have been identified that are trans-
ported via the T3SS consisting of Pcp, Pop, or Pcr components (Filloux 2011).
TYPE IV SECRETION SYSTEM (T4SS) 
The T4SS comprises a biological diverse group of translocation systems (Alvarez-Martinez & 
Christie 2009). These trans-membrane multi-protein complexes secrete protein and DNA 
molecules to the milieu or directly into a prokaryotic or eukaryotic target cell, generally by a 
mechanism dependent on a direct cell-to-cell contact (Bhatty et al. 2013). Hence, the T4SS is 
involved in a variety of biological processes, ranging from horizontal DNA transfer (e.g. the 
T-DNA transfer system of Agrobacterium tumefaciens) to infection of mammalian target cells 
(e.g. the Bordetella pertussis Ptl system). Interestingly, secretion via the T4SS can be both a 
one-step or a two step process, depending on the specific system (Alvarez-Martinez & Chris-
tie 2009; Craig-Mylius & Weiss 1999). Up to now, no T4SS has been described in Pseudomonas 
aeruginosa. 
TYPE%V%SECRETION%SYSTEM%(T5SS)
The type V secretion system is the most simple of all, as the whole secretion system is en-
coded within one (autotransporters, AT) or two (two-partners secretion systems, TPS) pro-
tein molecules. Both systems are a two-step process comprising a periplasmic intermediate.
In the case of autotransporters, all the secretion information is contained within one single 
polypeptide. They do not require a dedicated secretion machinery, but profit from the 
presence of the Sec system and Bam/Omp85 system, generally present in all bacteria. The 
Bam complex is involved in the assembly and insertion of integral outer membrane proteins 
(OMP) into the OM. Typically, the autotransporter protein has a cleavable N-terminal signal 
sequence, followed by a passenger domain and a C-terminal β-barrel domain (also called 
translocator domain, TD) (Jacob-Dubuisson et al. 2004). After transport across the inner 
membrane, the C-terminal β-barrel domain is inserted into the outer membrane by the Bam 
complex. Next, the passenger domain travels through the central channel formed by the β-
barrel and is exposed to the cell surface. The secreted protein may remain anchored at the 
bacterial cell surface or it may be released into the extracellular medium by 
(auto-)proteolytic cleavage. Based on the size of the C-terminal β-domain and its position 
relative to the passenger in the precursor, four sub-categories of ATs are recognized, often 
designated T5aSS (classical ATs), T5cSS (trimeric ATs), T5dSS (TD shows sequence similarity 
with TPS), and T5eSS (inverted autotransporter). Using this nomenclature, the TPS systems 
are called T5bSS (Grijpstra et al. 2013; Henderson et al. 2004). 
The main difference between autotransporters and two-partner secretion systems is that in 
the case of TPS, the translocator domain is encoded as a separate polypeptide. Thus, the TPS 
systems involve two proteins: the secreted exoprotein (generically called TpsA) and a trans-
Chapter 1 - General Introduction
14
locator protein (generically called TpsB). Both proteins are produced with an N-terminal 
signal sequence and are transported over the inner-membrane by the Sec system (Jacob-
Dubuisson et al. 2013). Export of TpsA across the outer membrane requires a specific interac-
tion with its cognate translocator, TpsB. This specific interaction involves an N-terminal se-
cretion motif (TPSmotif) on the passenger domain and a polypeptide-transport-associated 
(POTRA) domain found at the N-terminus of the translocator and which is required for 
specificity and substrate recognition. The TpsB transporters belong to the Omp85 family and 
are large, pore-forming transporters that form β-barrels (Jacob-Dubuisson et al. 2013; Jacob-
Dubuisson et al. 2009). After secretion, TpsA proteins may remain non-covalently associated 
with the cell surface, or they may be released into the extracellular medium (Jacob-
Dubuisson et al. 2013). 
The genome of P. aeruginosa PAO1 contains at least four genes encoding for AT, including 
EstA (T5aSS), PlpD (T5dSS), EprS (T5aSS), AaaA (T5aSS)  (Filloux 2011; Kida et al. 2013; 
Luckett et al. 2012). Both EstA and PlpD display a lipolytic activity (Salacha et al. 2010; Wil-
helm et al. 1999). In contrast, the PAO1 genome contains at least six putative TPSs, Tps1: 
PA2462-PA2463; Tps2: PA0040-PA0041; Tps3: PA4624-PA4625; Tps4: PA4540-PA454; Tps5: 
PA0690-PA0692 and Tps6:PA2542-PA2543 (Filloux 2011). Only two have been well character-
ized so far: Tps3 or CdrA/CdrB, and Tps4 or LepA/LepB. LepA contains the tripeptide Arg-
Gly-Asp (RGD) motif often found in cell adhesion proteins. However, LepA also seems to 
display proteolytic activity (Kida et al. 2008). In contrast, CdrA is adhesin and is able to 
promote biofilm formation and bacterial auto-aggregation in liquid culture (Borlee et al. 
2010). 
Finally, two Tps-like proteins have been identified in Pseudomonas aeruginosa: CupB5 (TpsA-
like) and CupB3 (TpsB-like). In fact, CupB3 is a POTRA-like domain-containing usher (P-
usher), constructed from an N-terminal fusion of a POTRA domain and an usher protein. 
Hence, CupB3 combines two functions; (1) the CupB1 fimbriae assembly as a classical usher 
and (2) the secretion of CupB5 as a TpsB-like protein (Filloux 2011).
TYPE VI SECRETION SYSTEM (T6SS)
The most recently identified Gram-negative protein secretion systems is the T6SS, a complex 
single-step secretion system. T6SSs are encode by large, variable gene clusters and are 
widely spread among diverse species (Boyer et al. 2009). Central in these clusters there are 
13 essential and conserved genes, called TssA to TssM (Coulthurst 2013). These 13 core com-
ponents are believed to form a large molecular machine extending from the bacterial cyto-
plasm, across the inner membrane, periplasm and outer membrane (Cascales & Cambillau 
2012; Bönemann et al. 2010; Silverman et al. 2012). T6SSs can be classified under two broad 
categories: those targeting eukaryotic cells (‘anti-eukaryotic’ T6SSs) and those targeting 
competitor bacterial cells (‘antibacterial’ T6SSs). However, some T6SS might target both as in 
the case of the single T6SS from Vibrio cholerae (Coulthurst 2013).
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Historically, the T6SS substrates were considered to be proteins named Hcp (haemolysin 
coregulated protein) and VgrG (valine-glycine repeat G) (Pukatzki et al. 2006). However, 
both protein seemed also to be essential for the correct function of the T6SS. The VgrGs share 
structural features with a complex called (gp27)3-(gp5)3, which is found in the tail spike or 
‘‘needle’’ of the T4 phage. In addition, the Hcp protein forms a tube which is similar to the 
tube formed by the T4 phage tube protein gp19 (Leiman et al. 2010). A third component of 
the T6SS apparatus, TssE, shows significant homology to the T4 bacteriophage baseplate 
component gp25. Based on this homology with the T4 bacteriophage, it is proposed that the 
T6SS probably uses a similar way as the T4 phage cell-puncturing device to puncture the 
host cell membranes. By applying a rapid contraction of the tail sheath structure, which is 
attached together with the Hcp tube to the baseplate. This contraction event launches the 
tube and VgrG “warhead” through the layers of the host cell membrane along with anti-
bacterial or anti-eukaryotic effector molecules bound to it (Ho et al. 2014). Interestingly, a 
number of VgrGs contain C-terminal extensions with effector-domains (Ho et al. 2014; 
Suarez et al. 2010). Thus, the T6SS may translocate soluble effector proteins, as well as VgrG 
effector-domains. 
Up to now, three different T6SS have been described in Pseudomonas aeruginosa, labelled as 
H1-T6SS, H2-T6SS and H3-T6SS. The H1-T6SS is an anti-bacterial T6SS and is able to secrete 
3 different anti-bacterial toxins, Tse1-3 (type VI secretion effector) (Hood et al. 2010). Tse1 (a 
peptidoglycan amidase) and Tse3 (a muramidase) act in the periplasmic of the target cell and 
hydrolyze the peptidoglycan cell wall causing cell lysis (Russell et al. 2011). Tse2 is a cyto-
plasmic toxin which causes inactivity of the target cell (Hood et al. 2010). To protect itself, 
Pseudomonas has developed a self-resistance mechanism by encoding three specific immu-
nity proteins, Tsi1-3 (type VI secretion immunity), which neutralize the effect of the Tse1-3 
proteins, respectively (Hood et al. 2010). For example, in the case of Tsi1/Tse1, Tsi1 binds 
tightly to Tse1 in and around the substrate binding site (Benz et al. 2012). In contrast to the 
H1-T6SS, no specific substrates or defined roles have been described for H2-T6SS and H3-
T6SS. However, it has been suggested that the H2-T6SS is an ‘anti-eukaryotic’ T6SSs, which 
mediates the internalization of P. aeruginosa into the epithelial cells (Sana et al. 2012). 
1.4. ! The type II secretion system of Pseudomonas aeruginosa
Except for the T4SS, all secretion systems described above are present in the Pseudomonas 
aeruginosa, secreting a large variety of exoproteins (Table 1.2). Remarkably, in Pseudomonas 
the T2SS (Xcp, Hxc or Txc) is able to secret the majority of the exoproteins, including lipases, 
elastases, (low molecular weight) alkaline phosphatases, proteases, phospholipases, exotoxin 
A. Obviously, this makes the T2SS a very important secretion system. Hence, it is not so sur-
prising that the T2SS is a highly studied secretion system. Indeed, since its first discovery in 
the late ’80 (Filloux et al. 1990), significant progress has been made towards elucidating the 
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Table 1.2 - Overview of secreted proteins by P. aeruginosa. Adapted from reference (Filloux 2011)
Secretion Type Secretion System
Secreted 
Protein Function of secreted protein Reference
T1SS AprDEF AprA Alkaline protease  (Guzzo et al. 1991b)
AprX Unknown  (Duong et al. 2001)
HasDEF HasAp Heme acquisition protein  (Létoffé et al. 1998)
T2SS Xcp CbpD Chitin binding protein  (Folders et al. 2001)
LasA Protease-elastase  (Braun et al. 1998)
LasB Protease-elastase  (Braun et al. 1998)
LipA Lipase  (Jaeger et al. 1994)
LipC Lipase  (Martínez et al. 1999)
LoxA Lipoxygenase  (Vance et al. 2004)
PaAP Aminopeptidase  (Braun et al. 1998)
PhoA Alkaline phosphatase  (Filloux et al. 1988)
PlCB Phospholipase  (Barker et al. 2004)
PlcH Hemolytic phospholipase  (Voulhoux et al. 2001)
PlcN (Nonhemolytic) Phospholipase  (Voulhoux et al. 2001)
PmpA Putative protease  (Bleves et al. 2010)
PrpL Protease  (Fox et al. 2008)
ToxA Exotoxin A-ADP ribosyltransferase  (Lu et al. 1993)
Hxc LapA Low-molecular weight alkaline phosphatase  (Ball et al. 2002)
LapB Unknown  (Ball et al. 2002)
LapC Unknown  (Ball et al. 2012)
PstS High affinity phosphate binding protein  (Zaborina et al. 2008)
Txca CbpE Chitin binding protein  (Cadoret et al. 2014)
T3SS Psc, Pop, Pcr ExoS GTPase activating protein (GAP) domain and 
adenosine diphosphate ribosyltransferase 
domain (ADPRT)
(Yahr et al. 1997)
ExoT GTPase activating protein (GAP) domain 
and adenosine diphosphate ribosyltransfe-
rase domain (ADPRT)
 (Yahr et al. 1997)
ExoU Patatin-like, phospholipase  (He et al. 2004)
ExoU Adenylate cyclase  (Yahr et al. 1997)
T5aSS EstA EstA Lipase  (van den Berg 2010)
EprS EprS Serine Protease  (Kida et al. 2013)
AaaA AaaA Arginine-specific aminopeptidase  (Luckett et al. 2012)
T5bSS CdrB CdrA Adhesin  (Borlee et al. 2010)
LepB LepA Protease  (Kida et al. 2008)
T5dSS PlpD PlpD Patatin-like, lipolytic enzyme  (Salacha et al. 2010)
T6SS H1-T6SS Tse1 Unknown  (Hood et al. 2010)
Tse2 Bacterial toxin  (Hood et al. 2010)
Tse3 Unknown  (Hood et al. 2010)
P-Usher CupB3 CupB5 Putative adhesin  (Ruer et al. 2008)
Unknown NA ChiC Chitinase  (Folders et al. 2001)
a Txc is observed in P. aeruginosa strain PA7, Xcp and Hxc are more generally present.
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structure, assembly and mechanistic properties of the T2SS. A lot of insight was (and is) ob-
tained by studies on T2SS from species other than Pseudomonas aeruginosa, denoted by its 
own three letter code; Pseudomonas aeruginosa (Xcp and Hxc systems), Klebsiella oxytoca (Pul 
system), Escherichia coli (Gsp system), Dickeya dadantii (Out system), Aeromonas hydrophila 
(Exe system), Vibrio cholerae (Eps system) or Xanthomonas campestris (Xps system) (Table 1.1). 
Exoproteins designated to be secreted via the type II secretion pathway need to be first trans-
located over the inner membrane via the Sec or Tat pathway. Once exported to the peri-
plasm, the exoprotein folds (or is already folded in the case of the Tat pathway), sometimes 
helped by specific helper proteins or chaperones, and adopts its final ternary and quaternary 
structure (Filloux 2004). Next, the folded protein or protein complex is subsequently recog-
nized and translocated over the outer membrane by the T2SS.
1.4.1. !Genetic organization
The type II secretion system is composed of multiple proteins encoded by a set of 12-15 dif-
ferent gsp genes organized into large operons (Fig. 1.6). In the genome of Pseudomonas ae-
ruginosa at least two functional T2SSs are encoded, called Xcp (extracellular protein defi-
cient) (Wretlind & Pavlovskis 1984) and Hxc (homologue of Xcp) (Ball et al. 2002). In the case 
of the Xcp system, 11 genes are clustered in two opposite oriented operons: a operon cluster-
ing the genes xcpR to xcpZ and an operon with inverted orientation clustering xcpP and 
xcpQ. A twelfth xcp gene, which encodes for the prepilin peptidase XcpA, is localized in the 
pil-locus of the Pseudomonas genome, containing genes which are involved in the T4aPS, and 
is shared between the T2SS and the T4aSS (Filloux 2004; Peabody et al. 2003). In the T4aPS, 
XcpA is called PilD. XcpA and PilD are essentially the same protein. 
The Hxc system is produced under phosphate limiting conditions and is involved in the se-
cretion of a low molecular weight alkaline phosphatase, LapA, and probably also LapB (Ball 
et al. 2002). LapA and LapB have been described as DING proteins, characterized by a con-
served N-terminal sequence containing a DINGGG motif. Recently, a third DING protein, 
called LapC, was discovered to be secreted by the Hxc system (Ball et al. 2012). Except for 
the prepilin peptidase, XcpA, all proteins from the Xcp system have a homologue protein in 
the Hxc system. Noteworthy, Hxc has also been denoted as a new T2SS subtype, called 
T2bSS (Durand et al. 2011). This classification is based on the formation of a long cell surface 
structure named the hyper-pseudopilus (HPP) when the major pseudopilin is over-
expressed (see also further). In this regard, overproduction of HxcT does not produce a 
hyper-pseudopilus, whereas XcpT does (Durand et al. 2011). Analogously, the Xcp system 
belongs to the T2aSS subtype. 
Recently, a third T2SS has been identified in the genome of Pseudomonas aeruginosa strain 
PA7, called Txc (Third homolog to Xcp), found in the Regions of Genomic Plasticity 69 
(RGP69) (Cadoret et al. 2014). This system seemed to be unique for the PA7 stain, while the 
Xcp and Hxc systems are more generally present in Pseudomonas species. It is involved in the 
secretion of chitin binding protein E (CbpE, analogous to the Xcp-dependent chitin binding 
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Figure 1.6 - Genetic organization of the T2SS clusters.  Each gene is represented by an 
arrow and ‘core’ genes present in all T2SS clusters are represented in color; green = 
inner membrane platform, orange = pseudopilins and pseudopilin peptidase, blue = 
outer membrane secretin. Note the two opposite oriented operons of the xcp cluster. In 
almost all cases, the gspcp and gspdq genes are clustered together in the same operon. 
GspN is absent from many T2SS (Pugsley 1993a). However, it is present in T2SS of K. 
oxytoca,  A. hydrophila, V. cholerae, Burkholderia pseudomallei, Erwinia carotovora and Pseu-
domonas putida (de Groot et al. 1999). The role of this protein in T2SS is still an open 
question. In the case of K. oxytoca GspN is not required for type II secretion (Possot et 
al. 2000). The alternative name of the pseudopilin peptidase or the GspS proteins is 
given underneath the arrow. See also table 1.1 for an overview of the T2SS compo-
nents.
protein CbpD). Interestingly, both the cbpE gene and the txc gene cluster are controlled by a 
two component system TtsS/TtsR. While TtsS is found inside the RGP and is only present in 
PA7, TtsR is encoded just outside RGP69 and is highly conserved in all sequenced strains of 
P. aeruginosa. The Hxc system was probably acquired by PAO1 and other Pseudomonas spe-
cies through horizontal gene transfer (Durand et al. 2011). In contrast, the Txc system is more 
closely related to the Xcp system and was most likely present in a common ancestor but sub-
sequently lost in most Pseudomonas strains (Cadoret et al. 2014). It is not yet know if Txc clus-
ters with the T2aSS or the T2bSS subtype. However, as TxcT clusters with XcpT in a phylo-
genetic tree of the mayor pseudopilins (Durand et al. 2011), Txc will most likely belong to 
the T2aSS subtype. Notably, the genes of the hxc cluster have a radically different organiza-
tion as compared to the xcp cluster, while the txc cluster has a more unidirectional organiza-
tion, as observed in (most) other T2SS clusters (Fig. 1.6).
In addition to the fully equipped Hxc and Txc systems, a sole homologue XcpP/XcpQ pair 
has been discovered in Pseudomonas genome, called XphA/XqhA (XcpP homologue A and 
XcpQ homologue A) (Michel et al. 2007). The XphA/XqhA pair uses all proteins expressed 
by the Xcp system, except for XcpP and XcpQ. The resulting hybrid T2SS is able to secrete all 
major Xcp-dependent exoproteins, with the exclusion of the amino-peptidase, PaAP. Inter-
estingly, the xphA-xqhA genes are transcribed during early stages of bacterial growth and 
might be involved in the T2SS at a different growth stage than XcpP/XcpQ (Michel et al. 
2007).
The promotors of the xcpR-Z and xcpPQ operons are regulated by quorum sensing and ex-
pression starts in the late-log (xcpR-Z) or early stationary (xcpPQ) growth phase (Wagner et 
al. 2003). Quorum sensing is a bacterial communication mechanism to ensure that a suffi-
cient number of cell is present before eliciting a particular biological response, such as the 
production of virulence factor or biofilm development (Shimada & Matsumura 2014). 
As mentioned before, the Xcp (but also Hxc and Txc) system of Pseudomonas species share a 
different nomenclature as compared to the other T2SS in other species. An overview of the 
T2SSs and the used nomenclature is given in table 1.1. For example, the secretin XcpQ is 
homologues to the secretin OutD. To facilitate the comparison between both nomenclature 
systems, the fourth letter of the other system(s) will be indicated in subscript. In this regard, 
XcpQ and OutD will be called XcpQD and OutDQ, respectively. Further, when we are not re-
ferring to a system of a specific species, we will use the Gsp (general secretion pathway) 
three letter code used in E. coli to denote the protein or gene. 
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1.4.2. !The architecture and assembly of the Type II Secretion system
The T2SS spans both the inner and outer membrane of gram-negative bacteria and can be 
subdivided into three functional sub-complexes, depending on their localization in the cellu-
lar envelope (Fig. 1.7): an outer membrane secretin, an inner membrane platform, and a 
periplasmic pseudopilus. 
THE OUTER MEMBRANE SECRETIN
Secretins are large, multimeric, outer-membrane channels formed by the homo-
oligomerisation of 12-15 subunits and are often resistant to boiling and/or SDS (Bayan et al. 
2006; Bitter 2003; Korotkov et al. 2012). They are not only found in T2SS, but also in T3SS 
(Koster et al. 1997), T4aPS (Collins et al. 2001), and in the filamentous pIV bacteriophages 
where they are important for the final assembly of the virus (Kazmierczak et al. 1994). Se-
quence alignment of the different secretin family members shows that these proteins consist 
of a large N-terminal and C-terminal domain, connected by a linker region, and a short C-
terminal tail (Genin & Boucher 1994a; Guilvout et al. 1999). The large C-terminal domain, is 
more or less conserved within the secretin family and is predicted to be rich in β-strands 
(Bitter et al. 1998). In addition, it contains the so-called canonical secretin motif (Bitter et al. 
1998; Brok et al. 1999). In contrast, the N-terminal domain is only conserved within sub-
groups of secretins corresponding to the same type of secretion system (Fig. 1.8). They have 
a modular architecture, composed of different subdomains linked to each other by flexible 
linkers (Genin & Boucher 1994b; Korotkov et al. 2009; Korotkov et al. 2011; Van der Meeren 
et al. 2013). 
Cryo-Electron Microscopy (Cryo-EM) studies on the intact T2SS secretin, EspDQ,  from V. 
cholerae have shown that the secretin adopts a barrel-like structure build up by twelve 
subunits (see further). Roughly, two big compartments can be distinguished: an outer mem-
brane domain and a periplasmic vestibule, separated by a periplasmic gate region and 
capped with a extracellular cap (Fig. 1.7 and 1.9) (Reichow et al. 2010). Interestingly, limited 
proteolysis studies on XcpQD and PulDQ indicated the presence of a protease resistant frag-
ment, which was still able to form oligomers, even in absence of other proteins (Brok et al. 
1999; Nouwen et al. 2000). This fragment resides in the outer membrane and corresponds 
exactly to the C-terminal homology domain, indicating that this region is the driving force 
behind the multimerization event of the secretin. Whether the secretin forms one large single 
homo-multimeric β-barrel, such as in the case of the trimeric TolC (Koronakis et al. 2000), or 
whether it is an assembly of individual β-barrels remains an open question. However, more 
and more evidence is rising that the secretins exist of independent β-barrels (Guilvout et al. 
2011; Huysmans et al. 2013). Finally, in the case of PulDQ, mutation studies have shown that 
also the N3 subdomain can play a role in the multimerization event (Guilvout et al. 2014; 
Guilvout et al. 2011).
The N-terminal domain of T2SS secretins, protrudes deeply into the periplasm, where it in-
teracts with other components of the T2SS, like XcpPC and the pseudopilus, and exoproteins 
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Figure 1.7 - Molecular model of the T2SS. GspER hexamer (green) was modeled by 
aligning V. cholerae EpsER domains (pdb entry 1P9R) onto the homologous domains of 
the P. aeruginosa PilT hexamer (pdb entry 3JVV). GspFS dimer (pink) was created with 
two V. cholerae EpsFS domain-1 homodimers (pdb entry 3C1Q). One each of GspLY 
(dark blue) and of GspMZ (light blue) periplasmic domains (pdb entries 2W7V; 1UV7) 
were aligned to the PilO homodimer (pdb entry 2RJZ) to create the GspLY-GspMZ 
heterodimer. Minor pseudopilins (GspKX, dark green; GspHUIVJW, light greens) were 
manually modeled using V. cholerae EpsHU (pdb entry 2QV8) and ETEC GspIVJWKX 
(pdb entry 3CI0) structures and fitting these onto to the tip of the K. oxytoca PulGT 
pseudopilus computational model, shown with four monomers of GspGT (gray). The 
twelve-fold ring model of the ETEC GspDQ N-terminal domains (dark red cartoons) 
(pdb entry 3EZJ) is positioned within the V. cholerae GspDQ EM reconstruction (red 
surface) (EMDB entry 1763). ETEC GspCP HR domain (orange) was aligned to GspDQ 
twelve-fold ring using the GspCP-GspDQ co-crystal structure (pdb entry 3OSS). V. 
cholerae GspCP PDZ domain (pdb entry 2I4S) is positioned near the GspDQ N3 do-
main, just under the OM. Stoichiometry and relative arrangement of inner membrane 
proteins is currently unknown, although a 6:6:6:6(12?):12 assembly of 
GspER:LY:MZ:CP:DQ is consistent with available data. This will be discussed further in 
this chapter. For model viewing, only one GspFS dimer,  two GspLY-MZ heterodimers, 
and two GspCP chains are shown. Figure adapted from reference (McLaughlin et al. 
2012).
(Douzi et al. 2011; Korotkov et al. 2011; Korotkov et al. 2006; Login et al. 2010; Reichow et al. 
2011; Reichow et al. 2010; Wang et al. 2012). It is build up out of four subdomains, called N0, 
N1, N2 and N3 (Fig. 1.8). Recent structural studies of the periplasmic moiety of GspDQ from 
enterotoxigenic E. coli (ETEC) in complex with a camelid antibody fragment (nanobody) al-
lowed delineation of the structural domain organization of three of its four periplasmic sub-
domains (i.e. N0, N1, and N2; pdb entry 3EZJ) (Korotkov et al. 2009). Interestingly, the first 
two subdomains, N0 and N1 from the type III secretion system (T3SS) secretin EscC of En-
teropathogenic Escherichia coli (EPEC) and InvG of Salmonella enterica subsp. enterica serovars 
Typhimurium (S. Typhimurium), show structural similarity with the N0 and N1 subdomains 
of GspDQ. However, in both proteins the N0 domain is flipped by 143° or 149° relative to the 
N1 domain, respectively (pdb entries 3GR5 and 4G08) (Bergeron et al. 2013; Spreter et al. 
2009). Same modular build up was also observed in the crystal structure of the periplasmic 
domain of XcpQD (see chapter 2). However, the periplasmic domain of XcpQD seems to form 
dimers in a concentration dependent manner. In vivo validation studies using disulphide 
bridge engineering on the full-length protein indeed shows the presence of dimers in the 
multimeric secretin context (Van der Meeren et al. 2013). This lateral proximity of periplas-
mic domains in secretin dodecamers is further supported by recent cysteine engineering in 
OutDQ from Dickeya dadantii (Gu et al. 2012a; Wang et al. 2012) and might also be recently 
observed in other secretins, like for example in T4aPS (Lieberman et al. 2012; Tammam et al. 
2013). This has led to the new hypothesis, that secretins, at least those from the T2SS, are 
build as “hexamer-of-dimers” opposing the “dodecamer-of-monomers” hypothesis which 
was generally adopted in the secretin field. However, it is also likely that the oligomeric state 
of secretins can change during the process of secretion, as discussed in some recent studies 
(Huysmans et al. 2013; Korotkov et al. 2013). Indeed, secretins must be seen as very dynamic 
proteins and probably shuttles between different oligomeric state. We will discuss this in 
more detail in chapter 2, 4 and 5 of this PhD thesis.
Secretins monomers are expressed as precursor proteins with an N-terminal signal sequence, 
which allows them to be transported over the inner membrane. However, secretins reside in 
the outer membrane. To get into the OM, secretins have to be transported to the OM and as-
sembled properly. Many bacterial outer membrane proteins (OMP) rely on the β‑barrel as-
sembly machinery (Bam) complex for efficient insertion into the outer membrane (Knowles 
et al. 2009; Voulhoux et al. 2003). On entering the periplasm the nascent OMP associates with 
periplasmic chaperones, including SurA, Skp and DegP, and is transported through the 
periplasm to the outer membrane. Next, the OMP is folded and inserted into the OM by the 
Bam complex by a still unknown manner. The Bam complex consists of a β-barrel membrane 
protein, BamA, and four lipoproteins, BamB, BamC, BamD, and BamE (Knowles et al. 2009). 
BamA, also known as YaeT (E. coli) (Wu et al. 2005) or Omp85 (Neisseria meningitidis) (Voul-
houx et al. 2003), plays an essential role and contains two major regions: a set of five peri-
plasmic POTRA (polypeptide transport-associated) domains and a C-terminal β-barrel do-
main inserted into the OM (Misra 2007; Ni et al. 2014). 
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Alternatively, lipoproteins which lack aspartate residues at positions 2 and 3 of the mature 
protein utilize the Lol system to be sorted to the OM (Seydel et al. 1999; Tokuda & Mat-
suyama 2004). The Lol system consists of LolCDE (a ABC (ATP‑binding cassette) trans-
porter), LolA (the periplasmic chaperone) and LolB (the outer‑membrane receptor and re-
lease assistant) (Okuda & Tokuda 2011). In this case, the outer membrane lipoprotein is re-
leased from the periplasmic side of the inner membrane by LolCDE, causing the formation 
of a complex between the lipoprotein and LolA. Finally, the complex interacts with LolB and 
the lipoprotein is released into the OM. 
Secretins seem to have a different dependency on the Bam or Lol pathways, even for the 
same secretin type in other species. For example, it has been shown that BamA in Neisseria 
meningitidis participates in the OM insertion of the T4PS secretin PilQ (Hoang et al. 2011; 
Voulhoux et al. 2003). However, PilQ insertion and multimerization in P. aeruginosa is only 
slightly affected by depletion of BamA (Hoang et al. 2011). Other secretins rely on the pres-
ence and interaction with a specific chaperone protein, called pilotin, for their correct local-
ization and/or assembly. In the case of the T2SS secretins from K. oxytoca, D. dadantii, V. chol-
erae and E. coli, this pilotin is a small OM lipoprotein, called PulS, OutS, AspS and GspS 
(a.k.a. EtpO in EHEC, YghG in ETEC or YacC in E. coli K12), respectively (D'Enfert & Pug-
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Figure 1.8 - Domain composition of secretins. Secretins are synthesized as precursors 
with N-terminal signal sequences (gray) or with a lipoprotein signal sequence (yel-
low). The C-terminal secretin core homology domain (light blue) contains putative 
amphipathic transmembrane β-strands.  The N-terminal N0 domain (purple) is fol-
lowed by one or several homologous repeat domains (light green) termed N1-N3, de-
pending on the number of repeats. Some secretins contain domains of unknown to-
pology (white). The T4bPS secretins require small periplasmic proteins for stability 
and multimerization that have putative N0 domains (Bose & Taylor 2005). Some secre-
tins require specific lipoproteins, known as pilotins, for correct outer-membrane tar-
geting, and contain C-terminal pilotin-interaction domains (dark blue), called S do-
mains in the T2SS secretins. See text for more explantation. Figure adapted from refer-
ence (Korotkov et al. 2011).
sley 1989; Dunstan et al. 2013; Hardie et al. 1996; Korotkov & Hol 2013; Schmidt et al. 1997; 
Shevchik & Condemine 1998; Strozen et al. 2012). For some of these lipoproteins it has been 
shown that they bind to a small region of approximately 60 residues at the C-terminus of the 
secretin, called the S domain (Daefler et al. 1997; Nickerson et al. 2011; Rehman et al. 2013; 
Shevchik et al. 1997). Crystal structures of GspS (EtpO), PulS and OutS are available, show-
ing an all-helical protein build from four α-helices (Gu et al. 2012b; Korotkov & Hol 2013; 
Rehman et al. 2013; Tosi et al. 2011). An other pilotin, YghG, found in the second T2SS 
(T2SSβ) of enterotoxigenic E. coli (ETEC), possibly functions in the same way as PulS and 
OutS, despite the lack of significant sequence identity with these proteins (Strozen et al. 
2012).
Initially, pilotins were described to be essential for both the correct localization and assembly 
of the secretin in the OM (Koo et al. 2012). However, some secretines need pilotins only of 
the correct localization or for their assembly, but not both. For example, when PulS is absent 
or when it is mutated, the PulDQ secretin is still able to form multimers, albeit in the inner 
membrane (Guilvout et al. 2006). This inner membrane insertion inhibits cell growth and 
strongly induces a phage shock response, a protective function of the cell to cope with a re-
duced energy status, in particular when the proton motive force is compromised (Darwin 
2005). In some cases it can even lead to cell death (Guilvout et al. 2006). Furthermore, cell free 
expression experiments of several T2SS and T4aPS secretins in the presence of liposomes 
have shown that all T2SS secretins, but not T4aPS secretins, could assemble spontaneously in 
the liposomes (Guilvout et al. 2008; Koo et al. 2012; Nickerson et al. 2012). Thus, assembly of 
the secretin could occur independently of its translocation to the outer membrane. The func-
tion of the pilotin in these cases is then restricted to get the secretin in the correct membrane. 
As pilotins are lipoproteins, this translocation might function through the Lol system, in a 
kind of “hitch-hiker” approach. Indeed, in case of PulS/PulDQ there is a strong evidence that 
the Lol pathway is involved (Collin et al. 2011). Finally, it has also been shown that during 
this translocation PulDQ is protected against proteolysis by the binding of PulS (Collin et al. 
2013). 
Alternatively, in the case of Vibrio- and Aeromonas-species, the secretin oligomerisation re-
quires a peptidoglycan-binding complex, called EpsA/B (Vibrio cholerae) or ExeA/B 
(Aeromonas hydrophila) (Ast et al. 2002; Jahagirdar & Howard 1994; Strozen et al. 2011). Since 
ExeA has been shown to exhibit NTPase activity (Schoenhofen et al. 2005) and to directly 
interact with the peptidoglycan layer, the complex might contribute by reorganizing the pep-
tidoglycan layer, making space for the transport and assembly of the secretin multimer 
(Howard et al. 2006; Strozen et al. 2011). The exact function of ExeB or EpsB in the GspA/B 
complex remains elusive. Interestingly, the D. dadantii Out system and the K. oxytoca Pul sys-
tem contain a ExeB homolog, OutB and PulB respectively, but lacks a ExeA equivalent (Ja-
hagirdar & Howard 1994). Noteworthy, OutB seems to be essential for the correct function of 
the T2SS, whereas PulB is not (Jahagirdar & Howard 1994; Pugsley 1993a). Cross-linking 
studies in D. dadantii suggest that OutB and OutDQ directly interact. Moreover, overproduc-
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tion of the secretin OutDQ suppresses the secretion defect an outB mutant (Condemine & 
Shevchik 2000).
Not all T2SS secretins need pilotin proteins or other OM targeting machineries for there lo-
calization and assembly. For example, the T2SS secretin XcpQD from P. aeruginosa, does not 
seem to be dependent on the Bam or Lol pathways for its correct localization and insertion 
(Nickerson et al. 2011). Furthermore, in vitro expression of XcpQD has shown that the protein 
can spontaneously incorporate into lipid vesicles (Hoang et al. 2011). However, a recent mu-
tagenesis study has indicated that the gene PA0943 might be important for the XcpQD local-
ization to the outer membrane. PA0943 is predicted to encode a soluble periplasmic protein 
(Seo et al. 2009). 
Finally, the other T2SS secretin of Pseudomonas aeruginosa, HxcQ, displays even another 
mode of protein sorting to the OM, independent from other pilotin proteins. In this case, 
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Figure% 1.9% $! (A)!model!of!Cryo$EM!structure !of!EspDQ!from!V.#cholerae#(EMDB!1763)!
employing!a !12!fold!symmetry.!(B)!Slice!view!of!the !secretin!with!the!modeled!N0$N1,!
N2!and!N3!rings.!The !N3!ring!forms!a !constriction!in!the!periplasmic!vestibule.!Figure!
adapted!from!reference!(Korotkov!&!Hol!2011a).
HxcQ itself is a lipoprotein which carries an N-terminal lipid anchor (Viarre et al. 2009). A 
non-lipidated HxcQ mutant (HxcQnl) accumulates and forms multimers in the inner mem-
brane. The HxcQ is thus self-piloting. However, the involvement of the Lol lipoprotein sort-
ing pathway in this process is still an open question.
As mentioned above, secretins form big channels in the OM, typically 50-90Å wide (Fig 1.9), 
which allows the accommodation of folded proteins (Korotkov et al. 2011), as it is the case 
for cholera toxin bound to T2SS secretin EpsDQ (Reichow et al. 2011). However, in order to 
prevent extensive leakage of periplasmic content through the secretin channel, the opening 
and closing must be tightly regulated. Indeed, mutagenesis studies on the pIV secretin of 
filamentous bacteriophage f1 have identified two regions located in the conserved C-
terminal secretin domain that increases the permeability of the secretin, called GATE1 and 
GATE2 (Spagnuolo et al. 2010). Other mutations were found in the N-terminal domain of 
pIV and were thought to be involved in triggering the gate opening. In the EM reconstruc-
tion of the T2SS EpsDQ and T3SS secretin InvG, a periplasmic gate (also called septum) was 
observed at or near the C-terminal domain (Marlovits et al. 2004; Reichow et al. 2010). Fur-
thermore, a constriction was observed into the periplasmic vestibule, probably correspond-
ing with the N3 subdomain (Fig. 1.9) (Reichow et al. 2010). 
In vitro expression of PulD, XcpQ, OutD an pIV in the presence of liposomes preloaded with 
reporter molecules indicated that all tested secretins form constitutive open pores which al-
low the spontaneous diffusion of molecules around 600 Da (Disconzi et al. 2013). Interest-
ingly, XcpQD clearly showed a lower permeability (< 400 Da), which is consistent with the 
reported decreased permeability of the Pseudomonas envelop. Single amino acid substitutions 
in or near the GATE regions of PulDQ, indicated the importance of a conserved proline resi-
due just before GATE1. Mutating this Pro to a Leu dramatically increased the permeability of 
PulDQ (Disconzi et al. 2013). 
Noteworthy, the exact trigger that is needed to switch the secretin from a closed to open 
state is not known yet. However, it has been suggest that the IM protein GspCP can play an 
essential role in this control. We will discuss this in more detail in chapter 4 and chapter 5 of 
this PhD thesis.
THE INNER MEMBRANE PLATFORM
The majority of the T2SS components is located in the inner-membrane and forms a large 
platform at which the pseudopilus is synthesized (Fig. 1.7). The platform comprises multiple 
copies of at least three different inner membrane protein; GspLY, GspMZ and GspFS, and one 
cytoplasmic ATPase, GspER. Several studies have indeed shown direct interactions between 
the four proteins components, forming a GspLY/GspMZ/GspFS/GspER platform (Py et al. 
2001; Robert et al. 2005b). In some cases another IM protein, GspCP, was observed to interact 
with this platform, albeit only transiently (Robert et al. 2005b; Tsai et al. 2002). 
GspLY is a bitopic membrane protein organized in two domains: an N-terminal cytoplasmic 
domain and a C-terminal periplasmic domain, both linked via a single transmembrane (TM) 
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helix (Bleves et al. 1996). Various genetic and biochemical experiments have shown that the 
cytoplasmic domain of EpsLY from V. cholerae interacts with the N-terminal domain of the 
ATPase EpsER (Abendroth et al. 2005; Sandkvist et al. 1995; Sandkvist et al. 2000). This inter-
action was also observed in T2SS from other species, such as the K. oxytoca Pul system (Pos-
sot et al. 2000), the X. campestris Xps system (Shiue et al. 2006) and the P. aeruginosa Xcp sys-
tem (Ball et al. 1999) (see also chapter 5 of this PhD thesis). 
GspMZ is a bitopic membrane protein with a small N-terminal cytoplasmic region and a 
larger C-terminal periplasmic domain, linked via a single TM helix (Bleves et al. 1996). In the 
IM platform, GspMZ interacts with GspLY. In Vibrio cholerae for example, it was shown that 
EspLY and EspMZ interact, involving the periplasmic domain and/or the TM helix of EspLY 
(Sandkvist et al. 1999; Sandkvist et al. 2000). Mutation experiments on XcpZM and XcpYL 
have indeed identified three different regions of XcpZM which are necessary for the stability 
of XcpYL: one located in the proximity of the transmembrane domain, a second located to-
wards the C-terminal part of the protein and a third inside the TM helix (Robert et al. 2002). 
However, the latter was only observed in a E. coli background, lacking all other components 
of the Xcp system. This suggest that other T2SS components probably interact with the 
XcpZM/XcpYL. Indeed, it was shown that XcpPC is able to restore XcpYL stabilization in this 
E. coli background (Robert et al. 2002). Interaction between XpsMZ and XpsLY, and in addi-
tion XpsCP (formerly know as XpsN (Filloux 2004)) has also been demonstrated (Lee et al. 
2004; Lee et al. 2001; Tsai et al. 2002). Likewise, using co-immunoprecipitation OutLY and 
OutMZ from D. dadantii were shown to form a complex (Py et al. 2001). Moreover, in the 
same study, also a OutLYMZFSER complex was observed (Py et al. 2001). In a more recent 
study, GST-copurification and bacterial Two Hybrid systems experiments indicated that both 
the TM helices and the periplasmic domains of OutLY and OutMZ are able to interact with 
each other. Additionally, also the TM helix of OutCP is able to interact with the TM helices of 
OutLY and OutMZ, creating a complex interaction network inside the inner membrane (Lal-
lemand et al. 2013). In the case of T4aPS protein PilN (homologue GspLY) and PilO (homo-
logue GspMZ) from P. aeruginosa, the periplasmic domains of both proteins co-purify and 
form a stable heterodimeric complex (Sampaleanu et al. 2009). Interestingly, the crystal struc-
tures of the periplasmic domains of EpsLY, EpsMZ and PilO all revealed a homodimeric or-
ganization (Abendroth et al. 2004; Abendroth et al. 2004a; Sampaleanu et al. 2009). However, 
it is also likely that GspLY and GspMZ interact alternating by switching between homotypic 
(L/L and M/M) and heterotypic (L/M) interactions as suggested by Lallemand and co-
workers (Lallemand et al. 2013). In this regard, we want to note that the periplasmic do-
mains of both proteins share the same ferredoxin-like fold (Abendroth et al. 2009a; Aben-
droth et al. 2004). This might indicate that these domains can form heterodimers, analogous 
to the homodimer observed in the crystal structures. In the case of PilO/PilN, in vivo homo-
dimerisation of PilO by over expression of the protein inactivates the T4aPS (Ayers et al. 
2009). Hence, the heterodimer is probably the preferred state in this case. This also suggest 
that the proper stoichiometry of the different components of the T4aPS and analogously the 
T2SS might be important for the correct assembly of the system. Some experimental results 
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definitely point into this direction. Indeed, in order to functionally complement a xcpy mu-
tant, XcpYL must be expressed at low level (Ball et al. 1999). Likewise, overproduction of 
both wild-type XpsLY and -MZ proteins simultaneously, but not separately, in the wild-type 
strain of Xanthomonas campestris caused inhibition of secretion, an effect which is even en-
hanced by the coexpression of XpsCP (Lee et al. 2001; Tsai et al. 2002). Finally, except for 
some rare exceptions, it is noted that all components of the IM platform are transcribed from 
the same operon (Fig. 1.6).
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Figure 1.10 - Structures of seven members of type II/IV NTPase family determined to 
date. HP0525 (aka VirB11) from Helicobacter pylori (pdb entry 1G6O) (Yeo et al. 2000); 
EpsE from Vibrio cholerae (pdb entry 1P9W) (Robien et al. 2003);  archaella GspE from 
Archaeoglobus fulgidus (pdb entry 2OAP) (Yamagata & Tainer 2007); FalI (archaella 
GspE from Sulfolobus acidocaldarius (pdb entry 4IHQ) (Reindl et al. 2013);  BsB11 (aka 
VirB11) from Brucella suis (pdb entry 2GZA) (Hare et al. 2006); PilT from Pseudomonas 
aeruginosa (pdb entry 3JVV) (Misic et al. 2010);  PilT from Aquifex aeolicus (pdb entry 
2EWV) (Satyshur et al. 2007). The NTDs and CTDs are colored in orange and blue, 
respectively. If present, nucleotide moieties are given in magenta. The schematic in the 
centre illustrates the toroidal hexameric structures typically adopted by these AT-
Pases.
In contrast to GspLY and GspMZ, GspFS is a polytopic integral membrane protein, transvers-
ing the inner membrane three times (Arts et al. 2007a). It contains a small periplasmic loop 
and two large cytoplasmic domains. Two Hybrid and co-immunoprecipitation studies have 
shown that OutFS is able to interact with the OutER ATPase (Py et al. 2001). However, this 
interaction is only observed when OutLY is present, whereas the complex OutLY-OutER is 
able to form in absences of OutFS (see above). Similarly, in Pseudomonas aeruginosa XcpSF 
seems to be only stabilized in presence of XcpREYL and not when XcpRE or XcpYL were pre-
sent separately (Arts et al. 2007a). Furthermore, construction of a chimera between P. aerugi-
nosa and P. putida XcpSF has shown that interaction with other T2SS components is mediated 
by the cytoplasmic domains (Arts et al. 2007a). Interestingly, a structural study of the first 
cytoplasmic domain from EpsFS suggests a homodimeric structure with a conserved inter-
face, involving two calcium ions (Abendroth et al. 2009b). Moreover, the second cytoplasmic 
domain was predicted to adopt a similar fold. The oligomeric state of GspFS is currently un-
known, but dimers and higher order species have been observed (Abendroth et al. 2009b). In 
the case of PilC from Thermus thermophilus and PilG form Neisseria meningitidis, two homo-
logues of XcpSF and essential inner membrane components of the T4PS system, a tetrameric 
organization is observed (Karuppiah et al. 2010, Collins et al. 2007).
As mentioned before, the cytoplasmic ATPase GspER docks to the IM platform via specific 
interactions with GspLY. GspER belongs to the type II/IV secretion family of NTP hydrolases 
(NTPases), known as the ”secretion superfamily ATPases”. Members of this family include 
trafficking NTPases participating in bacterial T4SS (VirB11 subfamiliy), and motor NTPases in 
T2SS (GspER subfamily), T4aPS (PilT/PilU subfamily (pili retraction) and PilB subfamily 
(pili formation)) and archaella (formerly archaeal flagella, archaeal GspE) (Planet et al. 2001; 
Savvides 2007). Protein sequence alignments have indicated that four domains are con-
served across all superfamily members: two canonical nucleotide binding motifs (Walker 
boxes A and B) and two conserved regions designated as the Asp and His boxes (Planet et al. 
2001; Possot & Pugsley 1994; Strom & Lory 1991; Turner et al. 1993; Walker et al. 1982), see 
also addendum Fig A.1. Interestingly, structural characterized members of the superfamily 
share a common organization; they all form hexameric structures of which each subunit in 
turn consists of an N-terminal and C-terminal domain (NTD and CTD) separated by a linker 
(Fig. 1.10). Interestingly, structural studies of HP0525, a member of the VirB11 ATPases, in 
presence or absence of ATPγS or ADP showed a remarkable structural difference between 
both states of the enzyme, especially in the N-terminal domains (Savvides et al. 2003; Yeo et 
al. 2000). This has let the authors to hypothesize that HP0525 probably carries out his func-
tion by cycling through different conformational changes regulated by ATP binding/
hydrolysis and ADP release. Conformational changes were also observed between the nu-
cleotide bound and unbound state of the PilT ATPase from T4aPS (Satyshur et al. 2007; Misic 
et al. 2010) and the archaella GspE from Archaeoglobus fulgidus (Yamagata & Tainer 2007). For 
T2SS ATPases, a similar mode of action has been suggested, but a hexameric organization of 
these ATPases has not been observed directly yet. Indeed, EpsER purifies and crystallizes as 
a monomer (Camberg & Sandkvist 2005; Robien et al. 2003). However, based on structural 
Chapter 1 - General Introduction
30
data from homologous proteins and mutagenesis studies, a hexameric model of this trun-
cated variant of EpsER was proposed (Patrick et al. 2011; Robien et al. 2003). In addition, in a 
recent study, hexamers of EpsER were obtained when EpsER was fused to the hexameric pro-
tein Hcp1 (Lu et al. 2013). These “obligate” hexamers showed increased ATPase activity as 
compared to monomeric EpsER (Lu et al. 2013). Increased activity was also observed for the 
small oligomeric fractions that copurified with monomeric EpsER (Camberg & Sandkvist 
2005). Moreover, the presence of the cytoplasmic domain of GspLY and acidic phospholipids, 
such as cardiolipin and phosphatidylglycerol, also boosts the ATPase activity, while the 
acidic phospholipids alone had no affect (Camberg et al. 2007). Intriguingly, in case of XpsER, 
this oligomerisation event seemed to be dependent on the presence of ATP (or AMPPNP), 
but not ADP, and that!this!nucleotide!binding!is!needed!prior!the!binding!to!XpsLY! (Chen!&!
Hu!2013;!Shiue!et!al.!2006). 
For the T2SS GspER, the NTD and CTD can be further subdivided in an N1 and N2, and a 
C1, CM and C2 subdomain, respectively. In XpsER from Xanthomonas campestris an extra N-
terminal subdomain is present, and was labeled N0 (Chen et al. 2005; Johnson et al. 2006). 
Interestingly, this extra subdomain seems also to be present in the PilB family. Moreover, the 
authors of both papers claim that the N0 subdomain is also present in XcpRE from Pseudomo-
nas aeruginosa. However, the so called XcpRE sequence they used in the protein alignment 
(see figure 5 of reference (Chen et al. 2005)), does not correspond to XcpRE from the Xcp sys-
tem. See addendum for more information. 
GspCP is an IM protein which interacts with the IM platform, albeit in most cases only tran-
siently (Robert et al. 2005b; Tsai et al. 2002). It comprises a small N-terminal cytoplasmic 
domain, a single transmembrane (TM) helix and a large C-terminal periplasmic domain 
(Bleves et al. 1996). Structurally, this periplasmic domain can be further subdivided into a 
more or less conserved homology region (HR) domain and a PDZ domain (Bouley et al. 
2001; Gérard-Vincent et al. 2002; Lu et al. 1997; Pallen & Ponting 1997). In Pseudomonas spe-
cies, this PDZ domain is substituted by a (predicted) coiled coil (CC) domain (Bleves et al. 
1999; Gérard-Vincent et al. 2002; Robert et al. 2005a) or even completely absent like for ex-
ample in the case of XphA (XcpP homologue A) (Michel et al. 2007) or XcpPC form Pseudo-
monas putida. Up to now, structural information is available for the PDZ domain of EpsCP 
from Vibrio cholerae (pdb entries 2I6V and 2I4S) (Korotkov 2006) and the HR domain of 
GspCP in complex with the N0N1 subdomains of GspD from ETEC (pdb entry 3OSS) 
(Korotkov et al. 2011). In addition, a solution structure of the HR domain of OutCP from 
Dickeya dadantii has been solved by NMR (pdb entry 2LNV) (Gu et al. 2012a). In both cases, 
the HR domain adopts a β-sandwich-like fold consisting of two β-sheets each composed of 
three anti-parallel β-strands.
GspCP is crucial for the correct function of the T2SS. However, the exact role of the protein is 
still under discussion. It is suggested that GspCP traverse the periplasm and works as a kind 
of channel clamp to link the IM platform to the OM secretin. In this regard, it is notable that 
GspCP can interact directly with the proteins from the inner membrane platform GspLYMZ 
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(Gérard-Vincent et al. 2002; Lallemand et al. 2013; Lee et al. 2004; Lee et al. 2001; Robert et al. 
2005b; Robert et al. 2002; Tsai et al. 2002) as well as with the outer membrane protein GspDQ 
(Douzi et al. 2011; de Groot et al. 2001; Gu et al. 2012a; Korotkov et al. 2011; Lee et al. 2000; 
Lindeberg et al. 1996; Login et al. 2010; Possot et al. 2000; Wang et al. 2012). Studies on the 
EspCP/EspDQ pair from Vibrio vulnificus have shown that the HR domain of EpsCP alone is 
enough to interact with the peri-plasmic domain of EpsDQ, covering the first three subdo-
mains; N0, N1 and N2 (Korotkov et al. 2006). Furthermore, in the case of GspCP/GspDQ 
from ETEC, a crystal structure is available of the HR domain of GspC in complex with the 
N0N1 subdomains from the N-terminal region of GspD (pdb entry 3OSS) (Korotkov et al. 
2011). Both proteins interact with each other via β-sheet augmentation, involving β1HR and 
β1N0. Complementary results were obtained for the HR domain of OutCP and the peri-
plasmic domain of OutDQ from D. dadantii (Gu et al. 2012a). In addition, GST-pull down ex-
periments between different fragments of OutCP en OutDQ from D. dadantii have led to the 
delineation of a 20-residue region, called OutCsip (secretin interacting peptide, residues 139-
158), that is able to interact in vitro with two different regions of OutDQ, one located on the 
N0 subdomain and another overlapping the N2-N3’ subdomain (Login et al. 2010). Fur-
thermore, the N0 subdomain is also able to interact with a second binding site located near 
the TM region of OutCP (Login et al. 2010). These findings are further supported by a recent 
in vivo study on OutCP/OutDQ using cysteine scanning mutagenesis and disulfide mapping 
analysis (Wang et al. 2012). Single cysteine substitutions were introduced into several se-
lected sites of full-length OutCP and OutDQ. Three different OutCP-OutDQ interactions were 
detected involving two sites in HR, two in the N0 subdomain and one in the N2 subdomain: 
1) β1HR-β1N0, 2) β7HR-β2N0 and 3) β7HR-β10N2. Interestingly, none of these three interactions 
seems to occur through static interfaces since the same sites are also involved in homotypic 
interactions within OutCP or OutDQ proteins. Furthermore, experiments in the non-native E. 
coli background indicated that the equilibrium between various homo- and heterogeneous 
interactions is altered by the presence of secreted substrate, like PelB, or other components of 
the inner membrane platform, such as OutER/LY/MZ (Wang et al. 2012). Combined, this has 
led the authors to hypothesize that during the course of secretion, the HR domain of GspCP 
subsequently moves between the N0 subdomain and N2-N3’ subdomain, probably by 
means of allosterically cooperativity (Whitty 2008), and involving different interaction epi-
topes of the HR domain. In the case of XcpPC/XcpQD, the periplasmic domain of XcpPC 
(residues 57-235) is also able to interact with the periplasmic domain of XcpQD (Douzi et al. 
2011). Surprisingly, this interaction was only observed when the N3 subdomain of XcpQD is 
present. However, this observation is probably not complete. We will discuss this in more 
detail in chapter 4 and chapter 5 of this PhD thesis.
Specific roles and functions have also been suggested for the PDZ and CC domains. In the 
case of XcpPC the CC domain and C-terminal region (i.e. region after CC) are believed to be 
involved in controlling the opening and closing of the secretin. Specific deletion or mutation 
of the heptad repeats blocked or severely impaired the secretion of LasB (Bleves et al. 1999; 
Gérard-Vincent et al. 2002). On the other hand, deletion of the final C-terminal residues of 
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XcpPC alone does not affect its in vivo function. It can, however, restore secretion when com-
bined with the deletion of the CC domain (Bleves et al. 1999). In the case of OutCP, its PDZ 
domain is presumed to be a specificity domain that confers a selective functionality (Bouley 
et al. 2001). The pectate lyases PelB, C, D, E and PelL produced by D. dadantii seemed to be 
strictly PDZ-dependent for their secretion. It is however noteworthy that no such behavior is 
ever observed for the CC domain of XcpPC so far. Other studies have suggested that both the 
PDZ and CC domain are involved in the formation of homo-multimeric complexes in vivo 
(Gérard-Vincent et al. 2002). In contrast, recently bacterial two-hybrid, cross-linking, GST-
pulldown, and disulphide bridge engineering has revealed that OutCP is able to self-
associate via its TM region whereas the periplasmic domain alone, containing a PDZ do-
main, does not (Lallemand et al. 2013; Login & Shevchik 2006). Using the same experimental 
approach, it was also shown that the TM helix of OutCP is involved in the interaction with 
the IM platform proteins OutLY and OutMZ, creating a complex interaction network inside 
the inner membrane (see above) (Lallemand et al. 2013). Similar observation were noted for 
XcpPC and XcpYLZM from Pseudomonas aeruginosa (Gérard-Vincent et al. 2002) and XpsCP 
and XpsLYMZ from Xanthomonas campestris (Lee et al. 2004; Lee et al. 2001; Tsai et al. 2002). 
By constructing hybrids between XcpPC and OutCP, two regions of XcpPC were identified to 
stabilize XcpYL in combination with mutant version of XcpZM in an E. coli background 
(XcpZM45, see reference (Robert et al. 2002)): the TM helix and the TM/HR region (i.e. region 
between TM helix and the HR domain). In case of XpsCP, the TM helix (together with the N-
terminal residues) alone is enough for the stabilization and association of XpsLY and XpsMZ 
(Lee et al. 2004). Combined, these findings strongly suggest that the TM helix of GspCP is 
more than just a membrane anchor and that it plays an important role in the correct function 
of the T2SS. Notably, replacing the N-terminus and TM helix by another membrane anchor, 
such as the PelB signal sequence or the TetA TM helix, completely abolished the function of 
the T2SS in the Xcp system, but also in the Out system (Bleves et al. 1999; Bouley et al. 2001; 
Login & Shevchik 2006). However, in contrast, replacing the N-terminal region and TM of 
PulCP from K. oxytoca with the MalE signal sequence or a fatty acid lipid anchor did not af-
fect secretion, suggesting that the TM is not essential in this case (Possot et al. 1999).
THE PSEUDOPILUS AND PRE-(PSEUDO)PILIN PEPTIDASE 
Although never observed directly, central in the T2SS a periplasmic filament is thought to be 
present, which highly resembles a T4aPS pilus structure and is hence called the pseudopilus. 
This pseudopilus is build up from five pseudopilins, classified according to their relative 
abundance in the pilus structure: one major pseudopilin (GspGT) and four minor pseudopil-
ins (GspHU, GspIV, GspJW and GspKX) (Bleves et al. 1998; Lu et al. 1997). The three-
dimensional structures of all five pseudopilins exhibit a remarkable diversity in their globu-
lar domains. Nonetheless, these domains share several common features: a long N-terminal 
α-helix followed by a variable region and a quasi conserved β-sheet (Fig. 1.11A) (Korotkov 
et al. 2012).
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Figure 1.11 - Overview of the soluble regions of the pseudopilin structures, for the 
simplicity only the structures of E. coli pseudopilins are given. (A) GspET, pdb entry 
3G20; GspHU, pdb entry 2KNQ; GspIV,  GspJW and GspKX,  pdb entry 3CI0. Calcium 
ions (green) are present in the crystal structure of the major pseudopilin. These ions 
are also present at the same site in structures of Vibrio cholerae and Vibrio vulnificus 
suggesting that calcium binding is essential for the correct function of the T2SS 
(Korotkov et al. 2009a). (B) Heterotrimeric complex of GspIV, GspJW and GspKX with 
side (left) and bottom (right) view. Note the central bundle of α-helices (red). Green = 
calcium ions, violet = sodium ions.
Like the closely related type IVa pilins, the five pseudopilins are synthesized as precursors 
(prepseudopilin) with a positively charged leader peptide of six to eight amino acid resi-
dues, followed by a hydrophobic stretch of about 20 residues. These precursor are targeted 
to the IM most likely by using the SPR/Sec pathway (i.e. SecB independent, see above) (Arts 
et al. 2007b; Francetic et al. 2007). Once in the IM, the short leader peptide is cleaved off by 
the prepilin peptidase, GspOA (LaPointe & Taylor 2000). In the Xcp system, XcpA is essen-
tially the same enzyme as PilD, indicating that the same enzyme is used for the maturation 
of both pilin and pseudopilins (Nunn & Lory 1991; Nunn & Lory 1992). In addition to cleav-
age, XcpA is able to methylate the newly formed N-terminus (Strom et al. 1993; Strom et al. 
1994). All pseudopilins have a characteristic glutamic acid residue at the +5 position of the 
mature sequence, with the exception of GspKX (Bleves et al. 1998). This residue seemed to be 
needed for methylation of the N-terminus, but not cleavage (Pasloske & Paranchych 1988; 
Strom & Lory 1991). However, in case of the PulGT pseudopilin, a similar substitution did 
not affect methylation (Pugsley 1993b).
When GspGT is overproduced within the T2SS complex, T4P-like surface fibers can be ob-
served, known as hyper-pseudopilus (HPP) (Durand et al. 2005; Sauvonnet et al. 2000). In-
terestingly, no HPP structure is observed upon over-expressing one of the minor pseudopil-
ins or the major pseudopilin of the Hxc system, HxcTG (see above) (Durand et al. 2011; Du-
rand et al. 2005). Using structural data from the soluble head domain of PulGT (Köhler et al. 
2004) and EM data from the HPP, a structure of the PulGT pilus was modeled (Campos et al. 
2010). In this model, PulGT is organized as a right-handed helix with a 10 Å helical rise and a 
subunit-to-subunit helical turn of 84.5º. This agrees with the experimental results obtained 
recently by power spectra of PulGT segments (Nivaskumar et al. 2014). Furthermore, these 
results also showed that variation in the twist angles might occurs (82.8º, 84.3º, 85.8º). Alter-
natively, in the case of the crystal structure of the heterotrimer GspIV, GspJW and GspKX, the 
subunit-to-subunit turn is 100º, which is comparable to the pilus model for the T4aPS pilin 
PilE (Korotkov & Hol 2008; Korotkov et al. 2012). However, it is also possible that the pseu-
dopilus adopts several conformations depending on the functional state, similar to type IV 
pili and type I fimbriae (Biais et al. 2010; Forero et al. 2006).
In contrast to the major pseudopilin, the role of the minor pseudopilins in the T2SS pseu-
dopilus remains elusive. However, their mutual interactions have been shown in many stud-
ies (Douet et al. 2004; Douzi et al. 2009; Korotkov & Hol 2008; Kuo et al. 2005). The minor 
pseudopilins GspIV, GspJW and GspKX are able to form a heterotrimeric complex, which is 
suggested to initiate the pseudopilus formation (Cisneros et al. 2012; Douzi et al. 2009; 
Korotkov & Hol 2008). In this heterotrimer, the subunits form a quasi helical triangular ar-
rangement with GspKX at the top, and GspIV and GspJW at the bottom (Fig. 1.11B) (Korotkov 
& Hol 2008). Because of its atypical C-terminal domain, GspKX is probably located at the tip 
of the pseudopilus in vivo. This would be consistent with a role of GspKX in preventing 
pseudopilus extension beyond the cell envelope (see below) (Durand et al. 2005; Vignon et 
al. 2003a). Furthermore, it has recently been shown that PulIV and PulJW might self-assemble 
in the membrane, recruit PulKX and initiate pseudopilus assembly (Cisneros et al. 2012). The 
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fourth minor pseudopilin, XcpUH, was shown to interact with this trimeric complex in P. 
aeruginosa, forming a quaternary complex of XcpUH, XcpVI, XcpWJ and XcpXK in which 
XcpVI act as nucleator (Douzi et al. 2009). Indeed, in absence of XcpVI no pseudopilus is ob-
served, even when XcpTG is over-expressed (Durand et al. 2005). Likewise, PulIV also ap-
pears to be essential for the assembly of the PulGT-pili, as only very few HPP structures are 
observed when over-expressing PulGT in a ∆pulIV mutant (Vignon et al. 2003b). Finally, this 
quaternary complex is linked to pseudopilus stem formed by GspGT. Interaction between 
XpsHU and XpsGT have been observed in X. campestris and this interaction seemed to be de-
pendent on the presence of (at least) XspIV (Kuo et al. 2005). 
Recent systematic analysis of minor pseudopilin mutants by immunofluorescence micros-
copy revealed that PulKX, PulIV and PulJW mutants make fewer pili. However, those pili 
structures appeared to be longer (Cisneros et al. 2012). This suggest that the tip complex is 
not only involved in pseudopilus assembly initiation, but also controls the length of the pi-
lus. XcpXK seems to have a crucial function in this control. In the absence of XcpXK, pseu-
dopilus assembly still occurs but the number and length of pseudopili increased markedly 
(Durand et al. 2005). Reciprocally, over-production of XcpXK interfered with or even com-
pletely abolished pseudopili formation. Similar results were obtained for PulGT and PulKX 
(Vignon et al. 2003a). It was also shown that XcpXK is able to interact directly with XcpTG, 
followed by a destabilization of XcpTG (Durand et al. 2005). It is thus possible that the pseu-
dopilus disassemble in an ATPase independent manner, in contrast to the T4aPS, which con-
tains specific retraction ATPases, like PilT (Douzi et al. 2012; Durand et al. 2005). However, 
still one question remains: What triggers XcpXK to destabilize XcpTG? Possibly, the interac-
tion of the pseudopilus or the tip of the pseudopilus with the secretin might act as an inhibi-
tion signal. Yeast Two Hybrid experiments have indeed shown that the minor pseudopilin 
OutJW is able to interact with OutDQ (Douet et al. 2004). In addition, cross-linked species of 
his-tagged XpsGT were observed with XpsDQ and with XpsCP (Lee et al. 2005). Finally, Sur-
face Plasmon Resonance (SPR) studies have shown that the trimeric complex GspKX-GspIV-
GspJW from ETEC is able to interact with the first three subdomains (i.e. N0, N1, N2) of 
GspDQ (Reichow et al. 2010).
1.4.3. !Protein targeting to the type II secretion system
Secretion of exoproteins via the type II secretion pathway is a two step process. First, the 
protein is translocated over the inner membrane via the Sec or Tat pathway. Once translo-
cated, the exoprotein folds (or is already folded in the case of the Tat pathway), acquires its 
final ternary and quaternary structure and become a substrate of the T2SS. Several studies 
have indeed shown that disulphide bridges are formed in the exoproteins, before they are 
expelled to the cells exterior (Bortoli-German et al. 1994; Pugsley 1992). Furthermore, 
proaerolysin from A. hydrophila and the enterotoxin from V. cholerae form higher order qua-
ternary structures in the periplasm before they are transported (Hardie et al. 1995; Hirst & 
Holmgren 1987). In some cases, the folding of exoproteins within the periplasm involves 
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helper proteins, such as the disulphide bond isomerases DsbA or DsbC (Bessette et al. 2001; 
Braun et al. 2001; Shevchik et al. 1995; Urban et al. 2001), or more specifically dedicated 
chaperones, such as the propeptide of P. aeruginosa elastase (Braun et al. 1996), the lipase-
specific foldases (Lif) proteins which are required for the folding and activation of lipases (El 
Khattabi et al. 1999; Frenken et al. 1993) and possibly also PlcR which is required for the se-
cretion of haemolytic phospholipase C (PlcH) (Cota-Gomez et al. 1997). 
Although it is known that export across the IM of Gram-negative bacteria is dependent on 
the presence of a signal sequence (see above), it is less understood how the T2S machinery 
discriminates between exoproteins and periplasmic or OM proteins (Filloux 2004). Generally, 
secretion by the T2SS is species-specific, meaning that T2SS substrates from one species are 
not exported by the T2S machinery from another species. This is, for example, the case for K. 
oxytoca pullulanase and the Xcp system of P. aeruginosa (de Groot et al. 1991). However, het-
erologous secretion has occasionally been reported between more closely related species, 
such as Pseudomonas alcaligenes and Pseudomonas aeruginosa (de Groot et al. 2001), Aeromonas 
hydrophila and Aeromonas salmonicida (Wong et al. 1989) or Burkholderia (Pseudomonas) glumae 
and Pseudomonas aeruginosa (Frenken et al. 1993). Yet, no general rule can be detected, as the 
similar cellulases, Cel5 and CelV, from the closely related bacterial species Erwinia carotovora 
and Dickeya dadanti (formerly know as Erwinia chrysanthemi) are only secreted species-
specific (Py et al. 1991). This species-specificity probably relies on the recognition of a spe-
cific secretion motif. However, linear consensus sequences have not yet been detected (Fil-
loux 2004; Filloux 2010). As the exoproteins are folded before they are transported, it is not 
unlikely that this secretion signal is a (nonlinear) conformational motif exposed by the pro-
tein upon folding. If this is true, this would implicate that alteration of the structure of the 
exoprotein could influence the secretion process. Several studies definitely point into this 
direction. For example, disruption of the structured domain II of exotoxin A, altered its se-
cretion behavior drastically (Voulhoux et al. 2000). Likewise, small modifications in the D. 
dadantii Cel5 protein resulted in non-secreted derivates (Py et al. 1993) and a single amino 
acid substitution (W227L or W227G) of (pro)aerolysin from A. hydrophila also blocked the 
secretion (Wong & Buckley 1991). Moreover, several distinct structural parts of the substrate 
can form together the structural motif. This might be the case for PulA, where three regions 
(called A, B and C) were observed that influence its secretion (Francetić & Pugsley 2005). 
Based on the recently solved three-dimensional structure of PulA (pdb entries 2YOC, 
3WDH, 3WDI, 3WDJ) (Xu et al. 2013), these three regions map on distinct regions of the pro-
tein. However, it is possible that one of these domains is need to correctly position the other 
domains for identification, as was suggested for the polygalacturonase (PehA) substrate 
from Erwinia carotovora Out system (Palomäki et al. 2002). As in the case of PulA, PehA con-
tains three regions (A, B and C) of which regions A and C are important for the correct tar-
geting, whereas region B is required for the proper positioning of regions A and C. A similar 
situation might be true for the exotoxin A from Pseudomonas aeruginosa. Exotoxin A is made 
of 3 domains (labeled I, II and III), of which domain I and III have been shown to be poten-
tial candidates for carrying a secretion motif (Lu & Lory 1996; McVay & Hamood 1995). Fur-
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thermore, disruption of the structured domain II of exotoxin A, altered its secretion behavior 
drastically, probably by changing the relative position of the other domains (Filloux 2004; 
Voulhoux et al. 2000). 
Another possibility is that successive interactions can lead to the secretion of exoproteins 
involving different secretion signals that are not essential on their own, but are required si-
multaneously for the optimal secretion (Filloux 2004). It is also possible that one part of the 
signal motif is used for targeting and that other regions are required for dissociation and re-
lease of the substrate from the machinery, as was proposed by the HasA substrate of the 
T1SS (Filloux 2010; Masi & Wandersman 2010).
One prevalent characteristic of the different exoproteins secreted by the T2SS is their high 
beta-strand content, although some exceptions do occur (Sandkvist 2001a). However, the 
structure adopted in the periplasm might not be same as observed in the extracellular space. 
Moreover, some exoproteins may be recognized by specific intermediate, such as a dedicated 
chaperone, which is, on his turn, recognized by the T2SS. Nonetheless, direct interaction be-
tween exoproteins and several proteins of the T2SS have been observed. For example, LasB, 
the major elastase secreted by the T2SS from Pseudomonas aeruginosa, interacts with both the 
periplasmic domains of XcpPC and XcpGD, and the pseudopilus tip (Douzi et al. 2011). In 
addition, SPR studies have shown that the B-pentamer of heat-labile enterotoxin (B5) from 
ETEC interacts with the periplasmic domain of GspDQ, but not with the pseudopilus tip 
complex (Reichow et al. 2010). Likewise, ligand blotting and coexpression experiments have 
demonstrated that PelB binds to OutDQ, both in vivo as in vitro (Shevchik et al. 1997). 
1.4.4. !Stoichiometry of the T2SS
One of the most intriguing questions in the field of T2SS, is the mutual stoichiometry and the 
relative arrangement of the different components of the system. Up to now, both are still un-
known. However, a 6:6:6:6(12?):12 assembly of GspER:LY:MZ:CP:DQ is the most consistent 
with all available data. The oligomeric stat of GspFS is unknown, but dimers and higher or-
der species have been observed (Abendroth et al. 2009b)
In fact, the only T2SS protein from which we know the correct oligomeric state is the secre-
tin, GspDQ. Initially, it was assumed by EM studies and molecular weight estimation ex-
periments that GspDQ contains 10 to 12 subunits (Bitter et al. 1998; Chen et al. 1996; Guilvout 
et al. 1999; Nouwen et al. 2000; Shevchik et al. 1997). However, recently a cryo-EM structure 
of GspDQ clearly showed a dependency of a C2, C3, C4, C6 or C12 symmetry (supplemen-
tary information of reference (Reichow et al. 2010)), indicating that GspDQ exist of 12 
subunits and not 10. One year later, this was confirmed by using mulimerisation deficient 
PulDQ mutants, giving the first biochemical proof of a dodecameric channel complex (Guil-
vout et al. 2011). More recently, it has been shown for several GspDQ secretins, that they also 
can form a “hexamer-of-dimers”-type of  arrangement (Van der Meeren et al. 2013; Wang et 
al. 2012). 
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Based on available data from EpsER mutants and the recent obligate hexameric fusion pro-
tein of EpsE-Hcp1, together with a bunch of other biochemical and genetic studies there is a 
strong evidence that GspER takes on a hexameric structure in the T2SS (Camberg & Sand-
kvist 2005; Lu et al. 2013; Patrick et al. 2011; Shiue et al. 2006). The 90 N-terminal residues 
(domain N1) of EpsER bind to the cytoplasmic domain of EpsLY apparently forming a 1:1 
complex (Abendroth et al. 2005; Py et al. 1999; Sandkvist et al. 1995). If GspER is a hexamer, 
this means that there should be six copies of GspLY in the membrane as well. 
Now comes the tricky part. Many studies have demonstrated that GspLY and GspMZ inter-
act in the T2SS, probably involving the TM helix and the periplasmic domain (see above) 
(Abendroth et al. 2009a; Lallemand et al. 2013). However, based on the crystal structures, 
both proteins are also able to form homodimers, which have been proposed to function in 
T2SS (Abendroth et al. 2009a; Abendroth et al. 2004; Johnson et al. 2006). In the case of the 
T4aPS, PilN and PilO (homologues of GspLY and GspMZ, respectively) have been observed 
to form a stable heterodimeric complex. A structural model of this heterodimer was pro-
posed based on the crystal structure of the homodimer of PilO (Sampaleanu et al. 2009). It is 
possible that GspLY and GspMZ interact in the same way, forming a 1:1 complex. 
In vitro interaction studies have shown that the periplasmic domains of XcpPC and XcpQP 
interact via a 1:1 stoichiometry (Douzi et al. 2011). This corresponds to the observed 1:1 
complex in the crystal structure of GspCP and GspDQ from ETEC (Korotkov et al. 2011). It is 
still unclear if these 1:1 stoichiometry is retained in the dodecameric assembly of the secretin. 
Apparently a 1:1 stoichiometry is not feasible when the GspCP-GspDQ interaction observed 
in the crystal structure was modeled on the dodecameric ring model (Korotkov et al. 2011). 
Instead, a 1:2 ratio of GspCP:GspDQ was proposed. Interestingly, dimers of periplasmic do-
main of XcpQD and other secretins were observed in vitro as well as in vivo (Van der Meeren 
et al. 2013; Wang et al. 2012). In this regard, it is indeed possible that one GspCP molecule 
interacts with a dimer of GspDQ. However, T2SS secretins are quiet dynamic and probably 
have multiple conformations during the process of secretion (Huysmans et al. 2013; Korot-
kov et al. 2013). For example, when the relative orientation of the N0 and N1 subdomains is 
flipped to resemble the N0-N1 orientation as observed for the T3SS secretins, as suggested 
base on the crystal structure of a N0 dodecameric ring, then a 1:1 stoichiometry is still plau-
sible (Korotkov et al. 2013). We want to note here that N0 and N1 subdomains in T2SS are 
indeed linked by a long flexible linker. Moreover, when linking both domains together by a 
intramolecular disulphide bridge in the case of OutDQ, this resulted in a non-functional 
OutDQ mutant (Gu et al. 2012a). This indicates again that the N0-N1 flexibility is indeed 
needed for the correct function of the secretin. Finally, in almost all cases GspDQ and GspCP 
are transcribed from the same operon and are probably present in equimolar amounts. 
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1.4.5. !Polar localization of the T2SS
The Type IV pili system (T4PS) is, among other things, involved in the twitching motility 
caused by alternating extensions and retractions of the pilus of bacteria (Mattick 2002; 
Skerker & Berg 2001). Interestingly, the T4PS is only observed at one of the poles of the cell 
(Chiang et al. 2005; Jain et al. 2012; Mattick 2002; Nudleman et al. 2006). This make sense as 
the cell needs to move in one specific direction. Surprisingly, in some cases the T2SS also 
seems to be localized at the poles of the cell. However, the reason for this polar localization is 
still unknown, as there is no obvious biological advantage for it (Scott et al. 2001; Senf et al. 
2008). 
Using GFP-fusions of EpsLY or EpsMZ, both proteins were observed at the poles of V. cholerae 
cells (Scott et al. 2001). Same results were observed by using immunofluorescence against 
native EpsGT or EpsLY proteins. Interestingly, using time lapse experiments, the T2SS seems 
to assemble preferably at the old pole of the cell (unipolar). However, when the cell ages and 
stops dividing, there was a shift to both poles (bipolar) (Scott et al. 2001). The mechanism 
used to target the Eps apparatus to the pole and maintain it there is not known.
Similar results were observed for the Xcp system of Pseudomonas aeruginosa. In this case, 
XcpRE and XcpSF were C-terminally fused to a Lumio tag. This Lumio tag is a very small tag 
of six amino acids (CCPGCC) which can be labeled with biarsenical dyes for living cell im-
aging (Gaietta et al. 2011). Also in this case, both XcpRE and XcpSF were found at one of the 
poles, although bipolar localization was also observed. In absence of other components of 
the T2SS, only XcpSF and not XcpRE was able to localise to the poles (Senf et al. 2008). 
In contrast, no polar localization was observed for GFP chimeras of PulMZ, PulLY or PulGT 
in an E. coli background (Buddelmeijer et al. 2006; Francetic et al. 2007). Brighter foci were 
occasionally detected when other secretion factors were present. However, when over-
expressing GFP-PulMZ or GFP-PulLY polar localization was observed, indicating that this 
observation might be artificially induced by the expression level (Buddelmeijer et al. 2006). 
Similar results were observed with the PulDQ-mCherry fusion protein (Buddelmeijer et al. 
2009). When PulS was present, PulDQ-mCherry was found in clusters throughout the E. coli 
membrane. Interestingly, in complete absence of PulS, PulDQ was localised at the poles, but 
probably in the IM. These results contradict the result obtained for the Eps or Xcp system. 
This might indicate that the polar localization is something that is not universal for all T2SSs. 
Still, we want to note here that E. coli is not the native host of the Pul system, although it is 
active in this host. Thus, it is still possible that polar localization might be observed in the 
native host, K. oxytoca. Another possibility is that, since there is no clear advantage of polar 
secretion, this feature has been lost in the Pul system through natural selection. 
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1.4.6. !Current paradigm on the working mechanism of the T2SS
The ultimate goal of the T2SS is to transport exoproteins from the periplasmic space to the 
extracellular space. To achieve this, all three sub-complexes need to work together. The se-
cretin, the IM complex and pseudopilus need to be one system and coordinated. There are 
currently two ideas on how the T2SS might actually work, called the “piston” or “bind-and-
push” model (Fig. 1.12 and Fig. 1.13) and the “Archimedes’ screw” model (Fig 1.13) (Cam-
pos et al. 2013). We will describe them both here briefly. 
THE PISTON OR “BIND-AND-PUSH” MODEL 
In the piston model, the T2SS works through a “bind-and-push” model: the substrate binds 
to the periplasmic vestibule of the secretin and, as the pseudopilus grows, it is pushed 
through the secretin channel. Alternatively, the substrate can first bind to the pseudopilin tip 
complex and is then pushed out by the growing pseudopilus. Finally, the system has to be 
reset to allow binding of the next substrate molecule. Thus, in the piston model, there are 
three essential steps: 1) binding of the exoprotein to the T2SS, 2) growth of the pseudopilus 
and 3) resetting of the system. It has indeed been shown for some exoproteins that they in-
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Figure 1.12 - Detail of the Piston model. (A) The pseudopilus formation is initiated by 
the formation of the minor pseudopilin tip complex. Whether this complex is formed 
inside the T2SS or pre-assembles before interacting with the T2SS is not known. (B) 
Conformational changes of GspER by cycles of ATP binding, hydrolysis and ADP re-
lease are transferred to a GspLY-assisted pseudopilus formation. In this representa-
tion, the substrate binds to the periplasmic vestibule of the secretin. (C) As the pseu-
dopilus starts to grow, the tip complex will eventually contact the secretin and the 
substrate. Finally, the secretin channel opens and the substrate is pushed through. 
Figure adapted from reference (McLaughlin et al. 2012).
teract with components of the T2SS. For example, LasB, the major elastase secreted by the 
T2SS from Pseudomonas aeruginosa, interacts with both the periplasmic domains of XcpPC 
and XcpQD (Douzi et al. 2011). Interesting, some interactions have also been observed be-
tween LasB and the pseudopilus tip (Douzi et al. 2011). In addition, SPR studies have shown 
that the B-pentamer of heat-labile enterotoxin (B5) from ETEC interacts with the periplasmic 
domain of GspDQ, but not with the pseudopilus tip complex (Reichow et al. 2010). Likewise, 
ligand blotting and coexpression experiments have demonstrated that PelB binds to OutDQ, 
both in vivo as in vitro (Shevchik et al. 1997). Combined, this favors the idea that the substrate 
first bind to the secretin and not the pseudopilus. Using EM, this binding event has even 
been visualized literally in case of the cholera toxin binding in the periplasmic vestibule of 
EpsDQ (Reichow et al. 2011). Interestingly, the affinity between the secretin and its substrate 
was determined to be in the micro-molar range.
Following maturation, pseudopilins are translocated to the T2SS were they form the pseu-
dopilus structure. However, the exact mechanism of this assembly is not known, but it is 
suggested that GspLY and GspER play a crucial role (Campos et al. 2013). Indeed, genetic 
studies in P. aeruginosa have suggested that a temperature sensitive mutation in XcpTG can 
be suppressed by mutations in the ATPase XcpRE (Kagami et al. 1998). In addition, in vivo 
cross-linked products between EpsGT and EpsLY have been observed (Gray et al. 2011). Be-
sides GspLY, also other IM platform components can be involved in the pseudopilus forma-
tion. For example in the T4aPS from Neisseria meningitidis, the major Type IVa pilin PilE in-
teracts with PilG and PilO, homologues of GspFS and GspMZ respectively. 
Taken into account that GspER binds with GspLY, conformational changes in GspER (from 
ATP hydrolysis) are probably translated via changes in GspLY to the pseudopilin subunit, 
residing in the IM, which is pushed out of the membrane to form the pseudopilus. In figure 
1.12 a nice schematic presentation of the different steps is given (McLaughlin et al. 2012).
Finally, according to the piston model, the pseudopilus has to retract. How this happens is 
still not known. As mentioned above, GspKX may play a major role. GspKX is able to bind 
with GspGT followed by a destabilization of GspGT (Douzi et al. 2012; Durand et al. 2005). It 
is thus possible that the pseudopilus disassemble in an ATPase independent manner. Why 
and how GspKX binds to GspGT is still unknown. Possibly, interaction between GspKX and 
the secretin might be the trigger; upon interaction of the minor pseudopilus tip with the se-
cretin GspDQ, GspKX undergoes a conformational change and acquires the capacity to bind 
with GspGT, which leads to the disassembly of the pseudopilus (Douzi et al. 2012). We also 
want to note here, that in normal situation, about ten pseudopilins would be sufficient to 
form a pseudopilus which extends as fas as the N3 constriction of the GspDQ secretin 
(McLaughlin et al. 2012). 
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ARCHIMEDES’ SCREW MODEL
In the Archimedes’ screw model, the minor pseudopilins initiate the formation of the pseu-
dopilus and the substrate binds to the major pseudopilin at the pilus base. Addition of 
pseudopilin subunits to the growing fibre would be coupled to its rotary motion and to a net 
upward transfer of the bound substrate into the secretin channel. Eventually, the pseudopi-
lus assembly force pushes the secretion gate open and the substrate is expelled across the 
outer membrane channel. The advantage of this model is that a single initiation event can 
lead to the secretion of multiple substrate molecules via continuous assembly of the major 
pseudopilins (Fig. 1.13) (Campos et al. 2013; Nunn 1999).
So far, there is less biochemical support for this model than for the piston model. It implies 
that the substrate binds to the major pseudopilin. The exoprotein PulA of the K. oxytoca T2SS 
has indeed been observed in tight interaction together with PulGT, but only when PulGT is 
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Figure 1.13 - Two models on the working mechanism of the T2SS (A) The piston 
model, (B) Archimedes’ screw model. The letters denote the Gsp protein, A = substrate 
(PulA). In the piston model the substrate binds first to the T2SS secretin or the tip of 
the pseudopilus. Here only the latter is illustrated. The former is represented in figure 
1.12. See text for explanation. Figure adapted from reference (Campos et al. 2013).
overproduced to form a HPP (Vignon et al. 2003a). However, PulA is an outer membrane 
lipoprotein which can detach from the cell by shearing (d'Enfert et al. 1987a; d'Enfert et al. 
1987b). It is thus possible that PulA only interacts with the PulGT HPP when both proteins 
are released from the cell surface by shearing; thus when the hydrophobic core of the HPP is 
exposed. In this regard, immunogold staining of bacteria over-expressing PulGT to form a 
HPP failed to demonstrate any PulA associated with the pilus, although PulA was present 
on the cell surface. Furthermore, PulA does not associate when PulGT is extracted from the 
pilus (Vignon et al. 2003a). We also want to note that complementation studies performed in 
Klebsiella oxytoca have shown that the major pseudopilins, XcpTG from Pseudomonas aerugi-
nosa, GspGT from E. coli, OutGT from D. dadantii, EpsGT from Vibrio cholerae, OutGT from Er-
winia carotovora and ExeGT from Aeromonas hydrophila could replace PulGT from K. oxytoca in 
T2SS-dependent HPP assembly and secretion of exoenzyme (Vignon et al. 2003a). In addi-
tion, mutations in the C-terminal domain of PulGT, were very well tolerated and did not in-
terfere with secretion (Vignon et al. 2003a). Both results are not compatible with the Archi-
medes’ screw model in which the major pseudopilin needs to specifically bind the sub-
strates. In addition, no rotary motion of the T2SS pseudopilus has been observed so far. 
However, rotation during or upon assembly of helical fibers has been observed in archaea 
GspE (Ghosh & Albers 2011; Herzog & Wirth 2012).
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Chapter 2
New insights into the assembly of bacterial secretins: 
Structural studies of the periplasmic domain of XcpQ from 
Pseudomonas aeruginosa
2.1. ! Abstract
The type II secretion system (T2SS) is a multi-protein assembly spanning the inner and 
outer-membrane in Gram-negative bacteria. It is found in almost all pathogenic bacteria 
where it contributes to virulence, host tissue colonization and infection. The exoproteins are 
secreted across the outer-membrane via a large translocation channel, the secretin, which 
typically adopts a dodecameric structure. These secretin channels have large periplasmic N-
terminal domains that reach out into the periplasm for communication with the inner-
membrane platform and with a pseudopilus structure that spans the periplasm. Here we 
report the crystal structure of the N-terminal periplasmic domain of the secretin XcpQ from 
Pseudomonas aeruginosa, revealing a two-lobe dimeric assembly featuring parallel subunits 
engaging in well-defined interactions at the tips of each lobe. We have employed structure-
based engineering of disulfide bridges and native mass spectrometry to show that the 
periplasmic domain of XcpQ dimerizes in a concentration dependent manner. Validation of 
these insights in the context of cellular full-length XcpQ and further evaluation of the 
functionality of disulfide-linked XcpQ establishes that the basic oligomerization unit of 
XcpQ is a dimer. This is consistent with the notion that the dodecameric secretin assembles 
as a hexamer of dimers to ensure correct projection of the N-terminal domains into the 
periplasm. Therefore, our studies provide a key conceptual advancement in understanding 
the assembly principles and dynamic function of T2SS secretins, and challenge recent studies 
reporting monomers as the basic subunit of the secretin oligomer.
2.2. ! Introduction
The opportunistic Gram-negative pathogen Pseudomonas aeruginosa is responsible for a wide 
range of human diseases, causing significant morbidity and mortality among (immune-) 
compromised humans, such as cystic fibrosis patients (Kung et al. 2010). The ability of P. 
aeruginosa to colonize host tissue, often persistently, and to establish infections relies to a 
large extent on its ability to secrete diverse virulence factors, such as exotoxins and 
proteolytic enzymes, across the cellular envelope defined by the inner- and outer-
membranes (Bleves et al. 2010; Gerlach & Hensel 2007; Sandkvist 2001).
One of the molecular weapons in the P. aeruginosa arsenal is the type II secretion system 
(T2SS), which is one of six secretion machineries encoded by the P. aeruginosa genome 
(Bleves et al. 2010; Filloux 2011). The T2SS encoded by the xcp genes of P. aeruginosa consists 
of 12 different oligomeric proteins (Wretlind & Pavlovskis 1984) distributed over three 
subassemblies: a periplasmic filamentous pseudopilus, the inner membrane platform, and 
the outer membrane secretin (Korotkov et al. 2012; McLaughlin et al. 2012; Spreter et al. 
2009). The latter, called XcpQ, is typically assembled via homo-oligomerization of 12 
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subunits and forms a large translocation channel in the outer membrane. Each subunit 
contains a canonical secretin motif at or near the C-terminus (Bitter et al. 1998; Brok et al. 
1999; Genin & Boucher 1994; Korotkov et al. 2012; McLaughlin et al. 2012). The N-terminal 
part of the protein shows more sequence variation and is organized into four subdomains 
N0, N1, N2 and N3 (Korotkov et al. 2009). This N-terminal quartet of domains is thought to 
protrude deep into the periplasm where it interacts with other components of the T2SS 
system (i.e. XcpP and the pseudopilus) and exoproteins (Douzi et al. 2011; Korotkov et al. 
2011; Reichow et al. 2011).
Recent structural studies of the periplasmic moiety of the XcpQ homolog GspD, called peri-
GspD, from enterotoxigenic Escherichia coli (ETEC) in complex with a camelid antibody 
fragment (nanobody) allowed delineation of the structural domain organization of three of 
its four periplasmic subdomains (i.e. N0, N1 and N2); pdb entry 3EZJ (Korotkov et al. 2009). 
Interestingly, the first two subdomains N0 and N1 from the type III secretion system (T3SS) 
secretin EscC of enteropathogenic E. coli (EPEC), also shows structural similarity with the N0 
and N1 subdomains of GspD. However, in EscC the N0 domain is flipped by about 180° 
relatively to the N1 domain; pdb entry 3GR5 (Spreter et al. 2009). In addition, cryo-electron 
microscopy studies on single-particles of full-length GspD from Vibrio cholerae (Reichow et 
al. 2011) provided the first three-dimensional view of a T2SS secretin as a pore formed by 
twelve GspD subunits. An important consensus from these studies has been the proposal 
that monomeric GspD secretins assemble under C12 symmetry to construct the functional 
GspD dodecamer. However, several recent studies (Lieberman et al. 2012; Wang et al. 2012) 
suggested that the assembly of secretin dodecamers might proceed via oligomerization of 
dimers of secretin subunits. 
Here we report the crystal structure of the periplasmic domain of the XcpQ secretin from 
Pseudomonas aeruginosa. We complement our structural findings with an integrated series of 
studies using structure-based disulfide engineering and native mass spectrometry, as well as 
a functional assay, to establish that the basic oligomerization in a cellular context of XcpQ is 
a dimer. Taken together, our data suggest that the dodecameric assemblages of T2SS 
secretins are hexameric arrangements of dimers. 
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2.3. ! Experimental Procedures
2.3.1. !Expression and purification of recombinant proteins
A DNA fragment coding for residues 35-325 of XcpQ (numbering according to UniProt 
#P35818), covering subdomains N0, N1, N2 and the first 47 residues from N3, was amplified 
by PCR from genomic DNA using appropriate primers (Supplemental Table 2.2). The PCR 
product was ligated into a pET15b+ expression vector (Invitrogen) using the NdeI and 
BamHI restriction sites included in the primers to give pET-N0N3’. For expression, E. coli 
BL21(DE3) transformed with pET-N0N3’ was grown in LB medium supplemented with 
carbenicillin (100 µg/ml) at 37 ºC. Protein expression was induced when an optical density 
at 600 nm (OD600) of 0.6-1.0 was reached with 1 mM isopropyl β-D-1-thiogalactopyranoside 
(IPTG) (Duchefa Biochemie) followed by growth for 5 h and harvesting by centrifugation. 
The ensuing cell pellet was resuspended (500 mM NaCl, 20 mM Tris pH 8.0) in the presence 
of protease inhibitors (Complete®, Roche), and cells were lysed by sonication. The cell 
debris was pelleted by centrifugation at 75,000 x g for 30 min and the supernatant was 
filtered using a syringe filter cap (0.22 µm). The clarified lysate was loaded onto a Ni-NTA 
column (Qiagen) pre-equilibrated with buffer A (20 mM Tris-HCl pH 8, 500 mM NaCl) 
containing 10 mM imidazole, washed with buffer A containing 50 mM imidazole and eluted 
with buffer A containing 250 mM imidazole. To remove the His6-tag, fractions of the purified 
were pooled and concentrated on a vivaspin 15R column 10,000 MWCO (Sartorius Stedim) 
to 1-2 ml before diluting the sample 10 fold with thrombin digestion buffer (150 mM NaCl, 
20 mM Tris pH 8 and 2.5 mM CaCl2). One unit of biotinylated thrombin (Novagen) was 
added per ml of diluted sample and the cleavage reaction was allowed to continue for 12-40 
h in the dark at room temperature until the protein was cleaved completely as evaluated by 
SDS-PAGE. Biotinylated thrombin was removed from the solution by adding streptavidin 
agarose (Novagen) followed by centrifugation (10 min, 4000 x g) and filtration using a 
syringe filter cap (0.22 µm). Next the sample was subjected to size exclusion 
chromatography (SEC) on a Superdex-75 column (GE Healthcare) equilibrated with 150 mM 
NaCl, 20 mM HEPES pH 7.5. Fractions containing pure protein (> 95% purity as judged by 
SDS-PAGE), were pooled and concentrated to 10-15 mg/ml for crystallization trials. The 
purified protein, which was shorter than expected and only covered amino-acid residues 
35-277 of XcpQ (see further), was designated peri-XcpQ
Selenomethionine labelled peri-XcpQ was produced in the methionine-auxotrophic E. coli 
strain B834 grown in SelenoMetTM Medium (Molecular Dimensions Limited). Purification 
and subsequent handling of the protein were carried out as described above.
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2.3.2. !Engineering and production of cysteine mutants
Two single serine to cysteine substitution mutants of peri-XcpQ (S109C and S210C) were 
engineered using overlap extension PCR (Ho et al. 1989) starting with the wild-type pET-
N0N3’ construct as template. For each mutation, three separate PCR reactions were 
performed based on appropriate forward and reverse primers (Supplemental Table 2.2). In 
the first reaction the forward primer of the pET-N0N3’ construct and a reverse primer 
carrying the point mutation were used. In the second reaction the reverse primer of the pET-
N0N3’ construct and the forward primer carrying the target point mutation were employed. 
Finally, a third PCR reaction was performed using the two purified PCR products as 
template and the terminal forward and reverse primers of the pET-N0N3’ construct.
All mutant constructs were subsequently introduced into a pET15b+ (Invitrogen) expression 
vector and the proteins were produced in E. coli BL21(DE3). Purification of the cysteine 
containing mutant proteins was carried out as described above. To increase the yield of 
disulfide-linked, recombinant peri-XcpQ(S210C) for crystallization purposes, the sample was 
incubated with 0.3% (v/v) of H2O2 for 30 min before SEC.
Expression constructs pB28_S109C and pB28_S210C resulting in the substitutions S109C and 
S210C in full-length XcpQ, respectively, were produced starting with the pB28 vector coding 
for full length XcpQ (Bitter et al. 1998).
 
2.3.3. !Analysis of wild-type and cysteine mutants in full-length XcpQ
! in vivo
To investigate the disulfide-bridge propensity of S109C and S210C in vivo, P. aeruginosa 
PAN1 (Bitter et al. 1998), was transformed with pB28, pB28_S109C, pB28_S210C and the 
pMMB67EH vector without insert and transformants were grown on solid LB-agar medium 
supplemented with carbenicillin (100 µg/ml) and gentamicin (15 µg/ml). After 24 h, 
individual colonies from each plate were picked and grown overnight in liquid LB medium 
at 37 ºC with antibiotic selection. One ml of this pre-culture was used to inoculate 20 ml 
fresh LB medium. The cultures were induced at an OD600nm of 0.6 with 0.1 mM IPTG and 
allowed to grow further for 4 h. Next cells from 1 ml of each culture were pelleted by 
centrifugation. The pellets were dissolved in 1 ml of resuspension buffer (150 mM NaCl, 50 
mM Tris-HCl, pH 8, 1% NP-40, 10 mM of EDTA, and 20 mM iodoacetamide to block any 
available cysteine sulfhydryls) supplemented with a cocktail of protease inhibitors 
(Complete®, Roche). Cells were disrupted by sonication followed by centrifugation at 20,000 
x g for 15 min. Cell debris were dissolved in Laemmli loading buffer (2% SDS (w/v), 10% 
glycerol (v/v), 0.002% bromophenol blue (w/v), and 125 mM Tris-HCl pH 6.8) according to 
the OD600 (i.e. 100 µl per OD600 of 1.00) and heated for 10 min at 95 ºC. After 5 min, 3 µl of β-
mercaptoethanol or dH2O was added to 30 µl of sample and heated again for 5 min. Finally, 
20 µl was loaded on a 4-15% non-reducing acrylamide gel (BioRad). Wild-type and mutant 
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full-length XcpQ were visualized (Odyssey Imaging System (Li-Cor)) via immunoblotting 
on a PVDF membrane using primary antibodies directed against the N-terminal part of 
XcpQ (amino acid residues 12 to 100 of the mature protein) (Bitter et al. 1998) and secondary 
antibodies with IRDye® 800CW goat anti-rabbit IgG (H+L) (Li-Cor). 
For analysis of multimer formation of full-length XcpQ, boiling steps from the above 
protocol were omitted.
2.3.4. !Crystallization and structure determination 
Crystallization screens using purified and monodisperse preparations of peri-XcpQ, 
selenomethionine labeled peri-XcpQ, and dimeric peri-XcpQS210C were set up in sitting-drop 
geometry (droplet: 0.1 µl protein sample + 0.1 µl reservoir solution; reservoir: 40 µl) using a 
Mosquito crystallization robot (TTP LabTech). This led to several hits featuring a variety of 
polyethylene glycols, buffers at near or above physiological pH, and with Mg2+ or Ca2+-ions. 
Several rounds of crystal optimization yielded diffraction quality crystals as follows: peri-
XcpQ: 0.2 M MgCl2, 0.1 M Tris-HCl pH 8.5 and 25% PEG 3350 (w/v); selenomethionine 
labeled peri-XcpQ: 0.2 M MgCl2, 0.1 M Tris-HCl pH 6.5 and 30% PEG 3350 (w/v); peri-
XcpQ(S210C): 0.2 M calcium acetate, 0.1 M HEPES pH 7.5, 14% PEG 8000 (w/v). For data 
collection under cryogenic conditions crystals of peri-XcpQ were transferred gradually to 
crystal stabilization buffer containing 37.5% (w/v) of PEG 3350. Crystals of 
selenomethionine labeled peri-XcpQ were cryo-cooled in their native droplet, and crystals of 
peri-XcpQ(S210C) were cryo-protected by gradually transferring the crystal to stabilization 
buffer containing 18% (w/v) of PEG 8000 and 5% (w/v) of PEG 3350. X-ray diffraction data 
were collected at several synchrotron beamlines and were processed using XDS (Kabsch 
2010); see also Table 2.1. The structure of peri-XcpQ was determined by single wavelength 
anomalous diffraction (SAD) using data collected at the selenium X-ray absorption peak 
from selenomethionine labeled peri-XcpQ crystals. Determination of the selenium 
substructure for eight sites and the ensuing calculation of SAD phases were carried out in 
Phaser (McCoy et al. 2007) as embedded in Phenix (Adams et al. 2010). The resultant 
electron density map to 2.8 Å resolution was improved via density modification protocols 
combining solvent flattering and proper 2-fold non-crystallographic symmetry averaging as 
implemented in RESOLVE (from Phenix). Model building was performed via alternating 
rounds of manual model building in Coot (Emsley et al. 2010) and automized model 
building via Autobuild (from Phenix). Maximum-likelihood crystallographic refinement 
combining simulated-annealing, conjugate-gradient minimization, and optimization of 
atomic displacement parameter (ADP) was performed with Phenix and Buster (Blanc et al. 
2004) against the 2.0 Å resolution data set of the native protein. Finally, the refined model 
was validated using Coot and MolProbity (Chen et al. 2010). Figures and structural 
comparisons (root-mean-square deviation (RMSD) calculation) were made using Pymol (The 
PyMOL Molecular Graphics System, Version 1.4, Schrödinger, LLC) and analysis of 
dimerization interface was done using the Protein interfaces, surfaces and assemblies service 
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(PDBe PISA) (Krissinel 2011).
The structure of peri-XcpQ(S210C) was determined by molecular replacement using the refined 
model peri-XcpQ carrying a S210A mutation as search model, and was refined and validated 
as described above.
 
2.3.5. !Protein analysis by SDS-PAGE and mass-spectrometry
To monitor cleavage of the His6-tag by thrombin and sample purity, protein samples were 
dissolved in Laemmli loading buffer with or without 5% (v/v) β-mercaptoethanol, heated 
for 5 min at 95 ºC and separated by electrophoresis in 15% polyacrylamide gels using Tris-
glycine-SDS as running buffer. For identification of protein bands by peptide mass 
fingerprinting, appropriate bands were cut out and digested with trypsin overnight at 37 °C. 
The peptides were subsequently extracted, dried and dissolved in 10 µl 0.1% formic acid. 
One microliter of the digestion mixture was mixed with an equal volume of matrix solution 
(3 mg/ml α-cyano hydroxycinnamic acid (Sigma), 50% (v/v) acetronitrile and 0.1% (v/v) 
trifluoroacetic acid) and subsequently subjected to mass spectrometric analyses on a 4800 
plus TOF/TOF analyzer (Applied Biosystems).
Native and denaturing electrospray ionization mass spectrometry (ESI-MS) measurements 
were performed on a Synapt G1 (Waters) coupled with an Advion Nanomate source. For 
measurements under native conditions, protein samples at 0.2 mg/ml, 1.8 mg/ml and 5.4 
mg/ml were exchanged to a buffer containing 50-200 mM ammonium acetate, pH 6.8 with a 
Biospin 6 column (BioRad). For measurements under denaturing conditions, samples were 
exchanged to a buffer containing 50% (v/v) acetonitrile and 0.1% (v/v) formic acid. External 
calibration of mass spectra was carried out using 5 mg/ml cesium iodide and experimental 
parameters for native mass spectrometry were optimized under the ion mobility 
spectrometry (IMS) model as described before (Ruotolo et al. 2008). Data analysis was 
processed with masslynx V4.1 and Driftscopt V2.3. 
2.3.6. !Small angle X-ray Scattering of peri-XcpQ
Small angle x-ray scattering (SAXS) measurements on purified peri-XcpQ at concentrations 
of 0.5 mg/ml, 3 mg/ml, 5 mg/ml, 10 mg/ml and 12 mg/ml were carried out at beamline 
X33 of the EMBL (DESY, Hamburg, Germany). 
2.3.7. !Elastase activity screen 
To investigate if PAN1 cells transformed with pB28, pB28_S109C, pB28_S210C or 
pMMB67EH were able to secrete elastase, 1 #l samples of overnight cultures, normalized to 
the same OD600, were spotted on LB-agar plates supplemented with carbenicillin (100 µg/
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ml) and gentamicin (15 µg/ml) and elastin as the substrate. Cells were grown at 37 ºC for 
48-72 h before evaluating halo formation. Elastin containing plates were made as described 
(Werb & Gordon 1975). Briefly, 1 ml of sterilized water was added to 0.08 g of elastin from 
bovine neck ligament (Sigma) and pulverized well using a hand mortar and pestle. The 
resulting suspension was added to 50 ml melted LB agar to which carbenicillin (100 µg/ml) 
and gentamicin (15 µg/ml) were added and inverted several times before pouring.
2.4. ! Results
2.4.1. !The crystal structure of peri-XcpQ reveals a dimeric periplasmic
! domain
The pET-N0N3’ construct encodes residues 35-325 of XcpQ, covering subdomains N0, N1, 
N2 and the first 47 residues from N3. Surprisingly, upon treatment of the purified protein 
with thrombin to remove the N-terminal His6-tag, the protein migrated as a band 
corresponding to an apparent molecular weight (MW) of about 25 kDa, deviating 
significantly from its expected MW of 31.5 kDa. In-gel analysis of the band using peptide 
mass fingerprinting revealed that, in addition to the removal of the His6-tag, the protein was 
cleaved after Arg277 to yield a protein covering amino-acid residues 35-277 of XcpQ, 
hereafter termed peri-XcpQ. The mass of peri-XcpQ was subsequently determined by 
denaturing ESI-MS as 26548.21±0.72 Da. Interestingly, the unexpected cleavage site after 
Arg277 is close to the C-terminus of the N2 subdomain as predicted from structure-based 
sequence alignment with GspD (Korotkov et al. 2009). 
Crystallization trials using purified recombinant peri-XcpQ after cleavage of the His6-tag, 
led to X-ray data of high quality to 2.0 Å resolution (Table 2.1). As attempts to determine the 
crystal structure by molecular replacement using search models derived from the structure 
of the homologous GspD (Korotkov et al. 2009) (25% sequence identity, pdb entry 3EZJ) 
were unsuccessful, we resorted to structure determination by SAD using selenomethionine 
labeled peri-XcpQ (Table 2.1). Phase improvement by density modification exploiting the 
apparent two-fold non-crystallographic symmetry, yielded readily traceable electron density 
for two molecules of peri-XcpQ in the crystal asymmetric unit. 
The crystal structure of peri-XcpQ (pdb entry 4E9J) unveiled a dimeric assembly in which 
the N0, N1 and N2 domains in each subunit run in parallel along a two-fold axis. Both 
monomers make contacts at the N0 and N2 subdomains (Figs. 2.1A and 2.1B). The backbone 
of both molecules could be traced completely except for the loop connecting subdomains N0 
and N1 (residues 129-139 in chain A, and residues 128-142 in chain B), and the first 16 N-
terminal residues and the last three C-terminal residues. However, extra electron density 
was observed at the N-terminus of both peri-XcpQ molecules corresponding to an 
additional β-strand (hereafter called β0), notably absent in the homologous structure of peri-
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Table 2.1. Crystallographic data collection and refinement statistics. All data were processed and 
scaled with the XDS package (Kabsch 2010). Native X-ray data were collected at beamline Proxima I 
at the Soleil Synchrotron. Seleno-Met (SAD) data and S210C data were collected at beamline ID29 and 
ID23-1 at the ESRF (European Synchrotron Radiation Facility) respectively.
Native Seleno-Met S210C
Data collection
Resolution range ( Å), space group 45.0-2.0, C2 50.0 – 2.8, C2 50.0 – 2.2, C2
Unit cell a=119.0 Å, b=39.5 Å, 
c=92.9 Å β=99.8º
a=119.0 Å, b=39.8 Å, 
c=94.8 Å β=99.7º
a=120.4, b=40.2 Å, 
c=93.8 Å β=99.7º
Unique reflections, Redundancy 28407 (2065), 3.1 (2.9) 20984 (1518), 3.2 (2.7) 22248 (1528), 2.9 (2.8)
Completeness (%) 97.2 (96.9) 98.7 (94.3) 97.4 (93.8)
Average I/σ(I) 13.31 (2.27) 11.81 (1.72) 10.87 (2.16)
Rmeas a 0.069 (0.661) 0.095 (0.809) 0.117 (0.773)
Wilson B-factor (Å2) 38.82 59.84 38.43
Refinement
Resolution range 24.78 – 2.03 46.02 – 2.20
Protein atoms 6127 6279
Water molecules, hetero-atoms 203, 1 141, 1
Rwork, Rfree 0.2104, 0.2489 0.2130, 0.2338
Average ADP ( Å2) 36.80 33.39
r.m.s.dbonds ( Å), r.m.s.dangles (°) 0.0137, 1.764 0.0067, 1.165
pdb entries 4E9J 4EC5
a Rmeas = ∑h√nh/(nh-1) ∑h∑i|I(h,i)-‹I(h)›| / ∑h∑iI(h,i), where nh is the multiplicity, I(h,i) is the intensity 
of the ith measurement of reflection h, and ‹I(h)› is the average value over multiple measurements. 
Values in parentheses correspond to the highest resolution shell.
GspD. Unfortunately, this electron density could not be interpreted unambiguously, except 
for five residues (residues 41-45) in chain A. 
The N0 subdomain consists of two central helices flanked by a mixed three-stranded β-sheet 
(including β2, β4 and β5) at one side and a three-stranded antiparallel β-sheet (including β0, 
β1 and β3) on the other side. Except for β0, this fold is almost identical to the N0 subdomain 
of peri-GspD. 
The N1 and N2 subdomains share the same fold with a RMSD of 9.071 Å and consist of two 
α-helices flanked on one side by an antiparallel three-stranded β-sheet. The 310 helix 3 
observed in subdomain N1 of peri-GspD was less well defined in peri-XcpQ. Consequently, 
helix 3 and 4 are merged into one α-helix (noted in Fig. 2.1A as helix α3). However, two 
short loops connecting β-strands 7 and 8 of the N1 subdomain and β-strands 10 and 11 of the 
N2 subdomain do have 310 character, while this is not the case in the peri-GspD structure. 
The three subdomains in the peri-XcpQ subunit pack compactly against their adjacent 
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subdomains, such that the N0:N1 and N1:N2 interfaces bury ~700 Å2 and ~250 Å2, 
respectively. The N0 and N1 interaction includes a β-sheet extension involving β3 from N0 
and β6 from N1 and a cluster of hydrophobic residues, including Leu95 and Leu103 from 
N0, and Thr146, Val148, Val176 and Ile183 from N1 (Supplemental Table 2.2). In addition, 
the N2 subdomain is folded back onto and interacts with subdomain N1, burying 
hydrophobic residues including Pro161, Leu162, Pro165 and Leu201 from N1, and Tyr209, 
Ile244, Ile253 and Leu255 from the N2 subdomain (Supplemental Table 2.2). Sequence 
alignments between different T2SS secretin proteins (Fig. 2.1C) showed that the hydrophobic 
cores of the N0:N1 and N1:N2 interaction interfaces are conserved. 
In the context of dimeric peri-XcpQ, the two subunits interact via their corresponding N0 
and N2 subdomains (Supplemental Table 2.2). The N0:N0’ interaction site buries ~350 Å2 of 
surface area and features a hydrophobic core created by a β-sandwich involving Val125, 
Val116 and Thr114 (contributing its methyl group) from β4 and β5 and their counterparts 
(Fig. 2.1B, left panel). Notably, these amino acids are well conserved across the T2SS secretin 
family (Fig. 2.1C), suggesting that similar N0:N0’ interfaces are possible in homologous 
secretins. 
Contrasting the interaction mode of the N0:N0’ interface, the N2:N2’ interface is more 
extensive (~550 Å2 buried surface area) and features an extended six-stranded antiparallel β-
sheet, which is mediated by β9 of each of the participating monomers (Fig. 2.1B, middle and 
right panel). The side chains protruding from the central strands (β9 and β9’) contact each 
other via complementary interactions (Fig. 2.1B, middle panel). Here the hydrophobic core 
of Tyr209 contacts with Val211’ from the partner monomer. Furthermore, Asp208 can form 
hydrogen bonds with both the backbone and the side chain from residue Asn213’. Finally, 
Ser210 and Ser210’ interact via a hydrogen bond, and Arg251 on the neighboring β11 
hydrogen bonds to the hydroxyl group of Tyr209’ on β9’. Mapping the N2 interface onto the 
sequence alignment indicated that none of the involved residues are conserved among 
members the secretins of the T2SS (Fig. 2.1C). In addition to the extended β-sheet formed 
upon peri-XcpQ dimerization, three additional residues: Arg261, Val265 and Gln269 all 
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Figure 2.1 - Structure of peri-XcpQ. (A) Three views of the homodimer of peri-XcpQ. 
Note the twofold symmetry axis and the extended β-sheet of the N2 interface. (B) De-
tail of the interaction interface between N0:N0’ (left panel) and extended β-sheet be-
tween N2:N2’ (middle and right panel).  (C) Alignment of peri-XcpQ sequences 
against peri-GspD sequences from different species, annotated by secondary structure 
elements of peri-XcpQ. Residues participating at the N0:N0’ and N2:N2’ interfaces are 
colored in green and red, respectively. Residues that are involved via side chain inter-
actions in the N0:N1 and N1:N2 interfaces are annotated with  ^ and #, respectively 
(see also Supplemental Table 2.2).  Figure made using Jalview 2 (Waterhouse et al. 
2009). (D) Comparison of the peri-XcpQ monomer model and peri-GspD monomer 
(pdb entry 3EZJ) in complex with a Nb7 nanobody. Note that the bound nanobody 
occupies a site that would not be compatible with dimerization as observed in peri-
XcpQ.
residing on α6 contribute to the N2:N2’ interface. These residues make interactions in an 
antiparallel fashion due to the dimer two-fold axis such that Arg261 interacts with Gln269’. 
Val265 and Val265’ contribute to the weak hydrophobic interface between both α6 helices.
 2.4.2. !Peri-XcpQ forms dimers in solution in a concentration dependent 
! manner
To probe the dimerization propensity of peri-XcpQ and to cross-validate the 
crystallographically observed interfaces in solution we resorted to structure-based 
engineering of cysteine point-mutants. Our hypothesis was that native dimerization 
interfaces would become covalently linked via a disulfide-bridge between engineered 
cysteines at the dimer interfaces. Thus based on the crystal structure of peri-XcpQ we 
deemed opportune to mutate Ser210 at the N2 dimer interface to cysteine (S210C). Ser210 
resides in the middle of β9 which mediates the antiparallel extended β-sheet between N2 
domains, and interacts via a hydrogen-bond with Ser210’ (Fig. 2.1B, middle and right 
panel). As a negative control we engineered a second variant featuring a S109C point 
mutation. Ser109 resides on the inside face of N0 in the peri-XcpQ dimer and would not be 
expected to form an intersubunit disulfide-bond due to its prohibitively large distance from 
S109C’ (~15 Å).
Purification of wild-type peri-XcpQ and the two mutant variants by SEC followed by SDS-
PAGE in the presence or absence of reducing agent revealed that peri-XcpQ(S210C) migrated 
as a mixture of disulfide-linked and non-covalently linked monomers (Fig. 2.2A). However, 
the efficiency of formation of these disulfide bridges appeared to be rather low, most likely 
due to strict geometric requirements for forming such bonds (Indu et al. 2011) and the fact 
the two residues involved are solvent exposed. Nevertheless, the yield of dimeric peri-
XcpQ(S210C) could be increased ten fold when the protein sample was incubated with 0.3% 
(v/v) H2O2 for 30 min before SEC (data not shown). On the other hand, peri-XcpQ(S109C) 
retained the chromatographic and electrophoretic behavior of wild-type peri-XcpQ. As 
expected, no disulfide bridges could be induced when H2O2 was added before SEC or to 
purified samples of wild-type peri-XcpQ or the S109C variant respectively (Fig. 2.2A). 
To further explore the dimerization properties, increasing concentrations of purified wild-
type peri-XcpQ were analyzed via native ESI ion mobility mass spectrometry. Our data 
show that peri-XcpQ at the lowest concentration (0.2 mg/ml) is predominantly monomeric, 
whereas at higher concentrations (1.8 and 5.4 mg/ml), peri-XcpQ forms considerably more 
dimeric species (Fig. 2.3). This transition was observed in our SAXS experiments as well 
(results not shown). Interestingly, at concentrations higher than 5 mg/ml peri-XcpQ has a 
propensity to form higher order   oligomers, a behavior which was additionally 
observed  during our SAXS measurements. However, we have been unable to model the 
oligomerization behavior of XcpQ via SAXS, most likely due to the complexity of the 
oligomerization mixtures.
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To confirm the presence of a disulfide bond in peri-XcpQ(S210C) in the context of the dimeric 
configuration observed in our crystal structure of wild-type peri-XcpQ, we grew crystals 
from pure disulfide linked peri-XcpQ(S210C) protein fractions and determined its structure at 
2.2 Å resolution by molecular replacement using the refined model for peri-XcpQ carrying 
an alanine at position 210 (Table 2.1). Indeed, peri-XcpQ(S210C) retains the dimeric assembly 
of peri-XcpQ and positive difference electron density contoured at 3σ in a map calculated 
with Fourier coefficients Fo-Fc; αc,MR revealed clear evidence for the presence of a disulfide 
bridge at the interface of peri-XcpQ(S210C) (Fig. 2.2B). Crystallographic refinement of the 
model and observation of difference electron density residuals suggested that the disulfide 
bridge is not fully occupied in peri-XcpQ(S210C). As we started with pure dimeric protein, this 
disulfide bridges break is probably due to radiation damage, which is an inherent problem 
in X-ray crystallography (Weik et al. 2000). To estimate the ratio of oxidized to reduced 
Cys210, we carried out test refinements probing pairwise combinations of occupancies of the 
two oxidations states. Thus, in the final structure (pdb entry 4EC5), two alternative 
conformations for Cys210 and Cys210’ are given; resembling the reduced (open) and 
oxidized (closed) form of the disulfide bridge.
2.4.3. !Full length XcpQ forms dimers in vivo
To extrapolate our structural and biochemical findings on dimeric peri-XcpQ to full-length 
XcpQ in vivo, PAN1 cells were transformed with constructs pB28, pB28_S109C, pB28_S210C 
encoding for wild-type full-length XcpQ, and its S109C and S210C mutant variants, 
respectively. Strain PAN1 is a xcpq deletion mutant with a gentamicin resistance cassette 
inserted at the position of xcpq on the chromosome (Alexeyev et al. 1995). Western blot 
analysis of wild-type and mutant XcpQ under reducing and non-reducing conditions 
revealed that both mutants XcpQ(S210C) and XcpQ(S109C) migrated as two distinct species on 
SDS-PAGE (Fig. 2.4A), consistent with approximately a 50:50 mixture of covalent dimers and 
monomers, probably due to the low efficiency in disulfide bridge formation. In contrast, the 
wild-type protein migrated in both conditions at the MW level of monomeric XcpQ (~66 
kDa). 
The protein bands corresponding to the covalently associated dimers in both mutants 
showed intriguing differences in electrophoretic behavior whereas all monomeric protein 
bands migrates at the same level as wild-type XcpQ. Such discrepancies have also been 
recently observed for cysteine mutants in the N1 or N2 subdomains of OutD (Wang et al. 
2012), and appear to be common in membrane proteins solubilized with SDS for 
electrophoretic separation (Rath et al. 2009). 
To investigate if recombinant wild-type and mutant full-length XcpQ are still assembled in 
the outer-membrane as functional secretins, PAN1 cells were subjected to elastase activity 
assay by growing them on LB-agar plates supplemented with elastin. Elastase is one of the 
major exoprotein exported by the T2SS in P. aeruginosa (Braun et al. 2001; Kessler et al. 1998; 
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Figure 2.2 - Cysteine disulfide-bridge engineering in peri-XcpQ. (A) Elution profiles 
of wild-type, S109C and S210C peri-XcpQ in size-exclusion chromatography and the 
corresponding SDS-PAGE analyses. For both wild-type and S109C, the major peak 
(monomer, 1-m) was selected and submitted to oxidation by H2O2 or water as control 
prior the SDS-PAGE analysis. The elution profile of S210C peri-XcpQ mutant shows 
an extra peak which corresponds with a dimer (2-m) of peri-XcpQ as shown on SDS-
PAGE. The positions of both substituted amino acids are denoted in green in the 
model of peri-XcpQ. (B) Detail of electron density map (2|Fo|-|Fc|  (1.5σ) and |Fo|-
|Fc| (3.3σ); αc,MR) of the disulfide bridge of the S210C mutant of peri-XcpQ in com-
parison with the map for the wild-type protein structure.
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Figure 2.3 - Peri-XcpQ forms dimers in solution in a concentration dependent man-
ner. Ion mobility drift time chromatograms obtained from native mass spectrometry 
on wild-type peri-XcpQ at three different concentrations. The clusters highlighted 
with a circle correspond to particular oligomeric states. Each state exhibits different 
m/z species. M = Monomeric; D = Dimeric. The numbers denote the charge of the 
protein.
Lazdunski et al. 1990). All transformed PAN1 strains, except for the negative control 
transformed with empty vector, showed formation of a halo around the colonies after 48-72 
h of growth. However, the halo around the S109C variant appeared consistently smaller than 
those of the WT and S210C variant in several replicas (Fig. 2.4B). In addition, PAN1 samples 
were loaded on gel without boiling and subsequently analyzed by Western-blotting (Fig. 
2.4A). Except for the negative control, two bands were observed in all samples, including 
wild type, with similar ratio between both. The lowest band corresponds to the monomeric 
species, whereas the second band, which did not enter the gradient gel completely, 
corresponds to multimeric XcpQ (most likely the XcpQ dodecamer with a MW ~0.8 MDa). 
Noteworthy, a faint band corresponding to the dimeric species could be observed for the 
S109C variant in our analysis by Western–blot analysis. However, the majority of covalently 
linked XcpQ(S109C) is incorporated in the presumed dodecameric species.
2.5. ! Discussion
Despite nearly two decades of continuous developments in our understanding of the 
structural and mechanistic determinants of bacterial type II secretion systems (Korotkov et 
al. 2012; McLaughlin et al. 2012), several key questions remain unanswered. In particular, the 
assembly principles underlying the formation of outer- and inner-membrane complexes and 
the communication between both have remained elusive. 
In this contribution, we present direct structural, biochemical, and cellular evidence that 
XcpQ, the secretin of the T2SS from P. aeruginosa, is a dimeric protein that oligomerizes into a 
functional dodecameric assembly via C6 symmetry of dimeric building blocks. Prior to our 
study, the working paradigm for secretin structure has been that secretin monomers 
assemble under C12 symmetry to construct the dodecameric rings as visualized by electron 
microscopy (Brok et al. 1999; Korotkov et al. 2011; Reichow et al. 2010). In contrast, our study 
supports a hexameric assembly of dimers, a model that was also recently suggested by other 
studies (Lieberman et al. 2012; Wang et al. 2012). 
Arguably, the most intriguing finding from our studies has been the discovery that peri-
XcpQ adopts a dimeric structure with two well-defined interaction interfaces at the tips of 
the three-domain structure. This is because a crystallographic study of the periplasmic 
secretin domain GspD from ETEC in complex with a nanobody had revealed a monomeric 
structure (Korotkov et al. 2009). According to this study, the development of such a 
nanobody binder was deemed necessary to improve the stability and crystallizability of 
peri-GspD constructs that proved recalcitrant to crystallization trials (Korotkov et al. 2009). 
Furthermore, this structure subsequently set the stage for modeling of the electron density 
envelope of full-length GspD from V. cholerae as a dodecameric assembly of GspD monomers 
(Korotkov et al. 2012; Reichow et al. 2010).
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Figure 2.4 - Dodecameric full-length XcpQ is a hexamer of dimers in vivo. (A) West-
ern blot analysis of boiled and unboiled samples of PAN1 cells under reducing and 
non-reducing conditions. PAN1 cells were transformed with constructs pB28, 
pB28_S109C, and pB28_S210C encoding for wild-type full-length XcpQ and its S109C 
and S210C variants, respectively.  (B) Elastase activity assay on PAN1 transformants. 
Except for the parental strain,  all transformants expressing XcpQ or its mutant vari-
ants show the formation of halos around the colonies as a result of proteolysis of elas-
tin substrate in the plate. (C) Hexameric model of peri-XcpQ dimers obtained by 
manual modelling based on the molecular envelope of full-length EpsD as obtained 
by cryo-electron microscopy (EMDB ID code 1763) (Reichow et al. 2010).
Structural comparisons between peri-XcpQ and peri-GspD show that despite the low 
sequence identity between the two proteins (i.e. 25%), their individual subdomains are 
structurally very similar with RMSD values of 0.64 Å, 1.66 Å and 1.01 Å for subdomains N0, 
N1 and N2, respectively. However, in contrast to peri-GspD, the N2 subdomain of peri-XcpQ 
is rotated backwards to interact with the preceding N1 subdomain. The ensuing N1:N2 
interface buries hydrophobic residues that are conserved or replaced by similar residues 
throughout all members of the T2SS family, indicating that the N1:N2 interface might be a 
conserved structural feature. In this regard, we note that part of the binding epitope (i.e. 
framework contacts) of the Nb7 nanobody to GspD targets the N1:N2 interdomain interface 
(Fig. 2.1D), prying open a possible N1:N2 interaction. Even more striking is the overlap of 
the nanobody epitope with surfaces in peri-GspD of which the counterparts in peri-XcpQ 
establish the dimerization interfaces. 
We were thus left to wonder whether the targeting of peri-GspD by the Nb7 nanobody may 
have interfered with the dimerization potential of peri-GspD. Our crystallographic analysis 
of dimeric peri-XcpQ and further validation of the dimerization propensity of peri-XcpQ by 
diverse methods including disulfide engineering followed by crystallographic validation 
thereof, certainly point in this direction. Moreover, the amino acids in the observed N0:N0’ 
interfaces are well conserved across the T2SS secretin family. On the other hand, the main 
structural feature of the N2:N2’ interface is an extended six-stranded antiparallel β-sheet, 
which is established via complementation of the main chain hydrogen-bonding network of 
β9 and β9’ and strengthened by side chain interactions above and below the plane of the β-
sheet. While, the conservation of sequences coding for β9 in homologous secretins is not 
strong, the β-strand character of the interface residues is conserved as evidenced by the 
structure of the homologous peri-GspD and secondary structure predictions of other T2SS 
secretin members. We further note that the observed concentration-dependent dimerization 
of peri-XcpQ suggests that the oligomeric state of recombinant peri-GspD used to immunize 
animals for antibody development, was likely a monomer as only low concentrations were 
employed (Korotkov et al. 2009). 
To derive the biological relevance of the observed oligomerization behavior of peri-XcpQ, 
one needs to consider the protein in its cellular context. Secretins are large outer-membrane 
proteins with periplasmic N-terminal and membrane embedded C-terminal domains. These 
C-terminal secretin domains coupled with the constraints of membrane dimensionality are 
essentially poised to drive secretin oligomerization, resulting in a local high concentration of 
parallel oriented XcpQ molecules. 
Thus, although peri-XcpQ exhibits a concentration dependent dimerization in solution 
manifested at rather high protein concentrations, full-length XcpQ in a cellular context 
would be expected to adopt its functional oligomeric assembly much more readily. As such, 
the presence of the membrane-inserted C-terminal domains of XcpQ, accounting for about 
the half of the protein, and the geometric restrictions of the locally planar membrane, will 
essentially improve the Kd and kinetics of oligomerization by several orders of magnitude. 
Nonetheless, it is not straightforward to extrapolate the peri-XcpQ concentrations to in vivo 
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concentrations, as the mechanism of biogenesis pathway for about 50-100 copies of 
functional XcpQ dodecamers (Brok et al. 1999) is still unknown. We envisage that the 
insights we provided here may inspire a structure-based investigation of such a mechanistic 
pathway.
In this study we attempted to provide such insights via structure-based engineering of a 
cysteine-disulfide at the N2:N2’ dimer interface, and showed that full-length XcpQ does 
engage in dimeric sub-assemblies. This was also the case for our second cysteine mutant in 
N0, contrasting its inability to form a disulfide bridge in peri-XcpQ (Fig. 2.2A and 2.4A). 
This suggests that the periplasmic domain or at least the N0 and N1 subdomains in full-
length XcpQ should be dynamic or flexible. In this regard, the very limited extent of the 
N1:N2 interface (~250 Å2) could support this inherent flexibility. It is also known that the N-
terminal periplasmic domain of XcpQ interacts with exoproteins and other T2SS 
components such as XcpP (Douzi et al. 2011; Korotkov et al. 2011; Reichow et al. 2011), and 
that these contacts might affect the conformational state of secretin domains, something 
which has been shown by studies on the OutC/OutD system (Wang et al. 2012). In this way 
the two Cys109 residues might have come close enough to engage in disulfide bridge 
formation. In addition, the halo formed around the S109C variant in the elastase activity 
assay seems to be consistently smaller than the halo formed around the wild-type and the 
halo of the S210C variant (Fig. 2.4B). This suggests that the effect of disulfide bridge 
formation of the S109C variant on the T2SS apparatus is more abortive compared to the 
S210C variant. However, we cannot rule out the possibility that during biogenesis of XcpQ 
to the final dodecameric assembly, covalently linked S109C variants are preformed and that, 
as such, they are impaired to assemble into functional dodecameric assemblies. In this 
regard, we note that the S210C variant does not seem to have interfered with the XcpQ 
biogenesis at all. This would also explain why a small fraction of dimeric species was 
observed for pB28_S109C, but not for pB28_S210C (Fig. 2.4A).
The lateral proximity of periplasmic domains in secretin dodecamers is further supported by 
recent cysteine engineering in OutD from Dickeya dadantii (Gu et al. 2012; Wang et al. 2012), 
which showed that homo-dimeric OutD species can be identified. Based on the crystal 
structure of peri-XcpQ, these disulfide bridges engaging cysteines were introduced on the 
outside of OutD dimers. Such dimers would in turn be in lateral proximity to one another in 
the OutD dodecamer.
Taken together, the recent diverse structural, biochemical and functional studies by us and 
others point to a new consensus for the assembly of secretin dodecamers. We propose that 
the basic assembly unit in secretins is a dimer, which in turn obeys six-fold symmetry to 
generate the functional dodecamer (Fig. 2.4C). Such an assembly mode challenges the 
recently proposed dodecameric models of the N-terminal domain of the T2SS secretin based 
on the crystal structure of peri-GspD and the EM structure of EpsD from V. cholerae, which 
were both based on C12 symmetry as applied to GspD/EpsD monomers (Korotkov et al. 
2009; Reichow et al. 2010). In fact, the observed features in reported image class averages for 
EpsD do not rule out the application of C6 symmetry (Reichow et al. 2010, supplementary 
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figure 1) and are compatible with a hexamer-of-dimers assembly. Furthermore, negative-
stain EM images of pseudo-crystals of XcpQ from Pseudomonas alcaligenes (Brok et al. 1999), 
clearly show hexagonal shaped particles, consistent with our proposed model. In addition, a 
recent study by EM of the structure of BfpB, the secretin for type IV pili, proposed a 
dodecameric secretin that can be assembled as a set of six dimers (Lieberman et al. 2012). 
Finally, we want to note that the crystal structure of the periplasmic domain of EscC, the 
T3SS secretin from EPEC, also forms dimers in the crystal lattice (Spreter et al. 2009), but the 
possible relevance of dimers in the oligomeric assembly of T3SS with an even number of 
subunits has not been addressed.
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Chapter 2
New insights into the assembly of bacterial secretins: 
Structural studies of the periplasmic domain of XcpQ from 
Pseudomonas aeruginosa
SUPPLEMENTARY,MATERIALS
Supplemental Table 2.1 - List of PCR primers
peri-XcpQ(35-325) FW 5’ CATATGGAAAACAGCGGCGGGAACGCCTTCGTCCC 3’
RV 5’ GGATCCTTATCAGAGGATGTTGCTCGGTCGGC 3’
S109C FW 5’ CCTCTCGGTGATGTGCACCCACGGCTT 3’
RV 5’ AAGCCGTGGGTGCACATCACCGAGAGG 3’
S210C FW 5’ GCAGCCACGACTACTGCGTGATCAACCTG 3’
RV 5’ CAGGTTGATCACGCAGTAGTCGTGGCTGC 3’
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Supplemental Table 2.2 - List of interactions observed in peri-XcpQ crystal structure
N0:N1 interface 
residue N0 Atom residue N1 Atom Type of interaction
Ser88 O Thr146 N Hydrogen bond
Val90 O Val148 N Hydrogen bond
Leu95 Val148 Van der Waals contact
Val176 Van der Waals contact
Glu99 OE2 Ser178 OG Hydrogen bond
Leu103 Thr146 Van der Waals contact
Val148 Van der Waals contact
Ile183 Van der Waals contact
Ser106 OG His172 NE2 Hydrogen bond
Val107 Thr146 Van der Waals contact
Thr110 OG1 Ser185 OG Hydrogen bond
N1:N2 interface
residue N1 Atom residue N2 Atom Type of interaction
Pro161 Tyr209 Van der Waals contact
Leu162 Ile244 Van der Waals contact
Ile253 Van der Waals contact
Leu255 Van der Waals contact
Pro165 Ile244 Van der Waals contact
Ile253 Van der Waals contact
Leu201 Ile244 Van der Waals contact
Leu255 Van der Waals contact
N0:N0’ interface
Residue N0 Atom Residue N0’ Atom Type of interaction
Arg82 NH2 Ala117’ O Hydrogen bond
Thr114 Thr114’ Van der Waals contact
Val116’ Van der Waals contact
Val125’ Van der Waals contact
Val116 Thr114’ Van der Waals contact
Val116’ Van der Waals contact
Val125’ Van der Waals contact
Ala117 N Pro126’ O Hydrogen bond
Val125 Thr114’ Van der Waals contact
Val116’ Van der Waals contact
Val125’ Van der Waals contact
N2:N2’ interface
Residue N2 Atom Residue N2’ Atom Type of interaction
Glu158 (from N1) OE2 Arg215’ NH2 Hydrogen bond
Asp208 OD1 Asn213’ ND2 Hydrogen bond
OD1 Asn213’ N Hydrogen bond
Tyr209 O Val211’ N Hydrogen bond
N Val211’ O Hydrogen bond
Val211’ Van der Waals contact
OH Arg251’ NH2 Hydrogen bond
Ser210 OG Ser210’ OG Hydrogen bond
Val211 O Tyr209’ N Hydrogen bond
N Tyr209’ O Hydrogen bond
Tyr209’ Van der Waals contact
Asn213 ND2 Asp208’ OD1 Hydrogen bond
N Asp208’ OD1 Hydrogen bond
Arg251 NH2 Tyr209’ OH Hydrogen bond
Arg261 NH1 Gln269’ OE1 Hydrogen bond
Val265 Val265’ Van der Waals contact
Gln269 NE2 Asp208’ OD2 Hydrogen bond
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The content of this chapter is adapted from a manuscript in preparation: 
Van der Meeren R.1, Pauwels E.2, Wen Y.3, Van Gelder P.1, Devreese B.3 & Savvides S. N.1: 
XcpP from the type II secretion system from Pseudomonas aeruginosa self-associates via its 
transmembrane helix. In preparation. 
1 Unit for Structural Biology, Laboratory for Protein Biochemistry and Biomolecular Engineering 
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Chapter 3
XcpP from the type II secretion system of 
Pseudomonas aeruginosa self-associates 
via its transmembrane helix
3.1. ! Abstract
The type II secretion system (T2SS) is a multiprotein assembly spanning the inner and outer 
membrane in Gram-negative bacteria. Generally, it is distributed over three sub-assemblies: 
a periplasmic filamentous pseudopilus, an inner membrane platform, and an outer mem-
brane secretin. The protein XcpP from Pseudomonas aeruginosa is the only inner membrane 
protein from the T2SS that is able to span the periplasmic space and contact the outer mem-
brane secretin. It is composed of a single transmembrane (TM) region and a large periplas-
mic region. In vivo, this TM region is important for the correct function of XcpP. In this con-
tribution, we provide biochemical evidence that the TM region of XcpP is involved in its 
self-association, whereas its periplasmic domain . Furthermore, sequence analysis of the TM 
helix sequence revealed the presence of a SmxxxSm motif. Interestingly, based on sequence 
alignments of the TM sequence of XcpP and homologous proteins, this motif seemed to be 
more prevalent than first thought.
3.2. ! Introduction
Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen involved in a wide range 
of human diseases, especially in patients having a compromised host defense mechanism, 
such as cystic fibrosis patients (Kung et al. 2010; Stover et al. 2000). For its pathogenicity, P. 
aeruginosa largely depend on its ability to secrete diverse virulence factors into the extracel-
lular space (Bleves et al. 2010; Filloux 2011). As for all Gram-negative bacteria, this secretion 
process is particularly challenging as they are surrounded by two hydrophobic barriers; an 
inner membrane (IM) and an outer membrane (OM), separated by a periplasmic space con-
taining a peptidoglycan layer. To overcome these barriers, Gram-negative bacteria have 
evolved several highly specialized secretory systems, such as the type II secretion system 
(T2SS) (Bleves et al. 2010; Filloux 2011; Gerlach & Hensel 2007). 
Secretion via the T2SS occurs in two steps whereby the exoportein is first transported to the 
periplasm via the Sec or TAT pathway (Michel & Voulhoux 2009), followed by a transloca-
tion over the OM using a complex protein machinery composed of 12-15 different oligomeric 
proteins, depending on the host. Remarkably, the T2SS is able to secrete large and sometimes 
multimeric folded proteins. In P. aeruginosa, this system is known as the xcp system (Wretlind 
& Pavlovskis 1984). However, recently, two additional functional T2SS were discovered in 
the genome of P. aeruginosa, called hxc for homologous to xcp and txc for third homolog to 
xcp, respectively (Ball et al. 2002; Cadoret et al. 2014; Stover et al. 2000). 
Generally, the T2SS is distributed over three sub-assemblies: a periplasmic filamentous 
pseudopilus, an inner membrane platform, and an outer membrane secretin (Campos et al. 
2013; Douzi et al. 2012; Korotkov et al. 2012; McLaughlin et al. 2012). XcpPC, a member of the 
inner membrane platform, is the only IM protein that is able to contact the N-terminal do-
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main of the outer membrane secretin, XcpQD, and thus transverse a large part of the peri-
plasmic space (Bleves et al. 1999; Douzi et al. 2011). Hence, several key functions have been 
appointed to the protein such as the energy transduction from the cytoplasmic ATPase to-
wards the secretin translocation channel and the control of the opening and closing of this 
channel (Bleves et al. 1999; Gérard-Vincent et al. 2002). Moreover, interaction between XcpPC 
and the LasB substrate has been observed (Douzi et al. 2011).    
XcpPC is a bitopic inner membrane protein with a small N-terminal cytoplasmic domain, a 
single transmembrane (TM) helix and a large C-terminal periplasmic domain (Bleves et al. 
1996). Structurally, this periplasmic domain can be further subdivided into a more or less 
conserved homology region (HR) domain and a (predicted) coiled-coil (CC) domain (Bleves 
et al. 1999; Gérard-Vincent et al. 2002; Robert et al. 2005). The linker regions between the TM 
domain and the HR domain (called TM/HR), and between the HR and CC domain (called 
HR/CC), are rich in Pro and Gly residues and predicted to be disordered. Interestingly, the 
CC domain is only present in XcpPC from Pseudomonas species, whereas in all other known 
XcpPC homologues it is substituted by a PDZ domain or completely absent like for example 
in the case of XphA (XcpP homologue A) or XcpPC form Pseudomonas putida. XphA, together 
with XqhA can replace the XcpPC/XcpQD pair and forms a functional hybrid T2SS with the 
other proteins from the Xcp system (Michel et al. 2007). 
Recently, bacterial two-hybrid, cross-linking, GST pulldown, and disulphide bridge engi-
neering has revealed that OutCP,, homologue of XcpPC form D. dadantii, is able to self-
associate via its TM region whereas the periplasmic domain alone does not (Lallemand et al. 
2013; Login & Shevchik 2006). In vitro and in vivo Mutagenesis studies have shown that three 
polar residues located at the same helical face are essential for this dimerization: two ar-
ginine residues at the borders of the helix (Arg15 and Arg36) and a glutamine residue more 
or less central in the helix (Gln29). In the case of XcpPC, replacing its TM region with the first 
TM region of TetA or PelB signal sequence results in a non-functional XcpPC variant. This 
suggest that the TM helix also plays an important role in XcpPC. However, self-association 
properties of this TM region have never been studied. In contrast, replacing the TM in the 
XcpPC homologue PulCP from Klebsiella oxytoca with the MalE signal sequence or even a 
fatty acid lipoprotein anchor did not affect secretion, suggesting that the TM is not essential 
in this case (Possot et al. 1999). Nonetheless, PulCP is still able to functionally replace OutCP 
in a D. dadantii background, suggesting a similar mode of assembly within the T2SS (Linde-
berg et al. 1996). 
In this study we have shown that the periplasmic region of XcpPC is monomeric in solution, 
while the full-length XcpPC protein is able to form dimers. However, this dimerization event 
seemed to depend on the protein and detergent concentration. Careful sequence analysis of 
the TM helix sequence revealed the presence of a possible GxxxG-like motif (SmxxxSm). In-
terestingly, based on sequence alignments of the TM sequence of XcpPC and its homologues, 
this motif seemed to be more prevalent than first thought. Taken together, our results 
strongly suggest that the TM helix of XcpPC, but probably of GspCP proteins in general, is 
more than just a membrane anchor.
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3.3. ! Experimental Procedures
3.3.1. !Expression and purification of recombinant proteins
A DNA fragment encoding for full-length XcpP (residues 1 - 235; numbering according to 
UniProt #Q51575, hereafter called XcpPfl) was amplified from genomic DNA (primers are 
listed in Supplemental Table S3.1) and cloned into the pET22b+ vector (Novagen) with the 
NdeI and NotI restriction sites. All other construct were amplified by PCR using the full-
length XcpP construct as template and finally ligated into the pET15b+ (Novagen) or a 
homemade pET-TEV vector (i.e. pET15b+ vector of which the thrombin cleavage site is re-
placed by a TEV cleavage site) using the NdeI and BamHI restriction sites: peri-XcpP (resi-
dues 59 - 235), XcpPTM/HR_HR (residues 59 - 166), XcpPHR (residues 85 - 166), XcpPHR/CC_CC 
(residues 167 - 235). All constructs had a thrombin cleavable N-terminal His6-tag except for 
XcpPfl and peri-XcpP, which was TEV cleavable.  
For expression, the constructs were introduced into E. coli BL21 (DE3) and grown in LB me-
dium supplied with carbenicillin (100 µg/ml) at 37 ºC. Protein expression was induced with 
1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG, Duchefa Biochemie) when an optical 
cell density at 600 nm of 0.6–1.0 was reached followed by growth for 5-7 h and harvesting by 
centrifugation. 
For XcpPfl, the pellet resulting from five liter of cells was resuspended in resuspension 
buffer (20 mM Tris-HCl pH8, 200 mM NaCl, 10 mM EDTA) supplied with protease inhibi-
tors (Complete®; Roche Applied Science) and the cells were disrupted by sonication on ice. 
Membranes and cell debris were pelleted by a single centrifugation step at 100,000 x g for 30 
min at 4 ºC. Next, the pellet was resuspended using a Potter-Elvehjem homogeniser into ex-
traction buffer (50 mM Tris-HCl pH 8, 200 mM NaCl, 0.2 mM EDTA) supplied with protease 
inhibitors and 5% (w/v) Anzergent 3-10 (Anz3-10, Analytical Grade, Anatrace). Extraction 
was performed on a rotary shaker at 37 ºC for 1-2 hours. Next, the cell debri was pelleted by 
centrifugation at 100,000 x g for 1h at 4 ºC and the lysate was filtrated using a syringe filter 
cap (0.22 µm). The clarified lysate was loaded onto a Ni-NTA column (2x 5 mL cartridge, Qi-
agen) pre-equilibrated with Ni-NTA buffer (50 mM Tris-HCl pH 8, 1 M NaCl, 0.2% (w/v) n-
Dodecyl-N,N-Dimethylamine-N-Oxide (LDAO, anagrade, Anatrace) or 1.0% (w/v) N-octyl-
β  -D-glucopyranoside (β-OG, anagrade, Anatrace)) containing 10 mM imidazole, washed 
with Ni-NTA buffer containing 50 mM imidazole and eluted with Ni-NTA buffer containing 
250 mM imidazole.  Finally, the concentrated sample was subjected to size exclusion chroma-
tography on a superdex 200 increase GL 10/300 column (GE Healthcare) pre-equilibrated 
with SECa buffer (250 mM NaCl, 20 mM Tris-HCl pH 8.0, 1 mM EDTA) in the presences of 
0.2% (w/v) LDAO or 1.0% (w/v) β-OG. Notably, both LDAO and β-OG condoned protein 
stability, as based on initial dynamic light scattering (DLS) screening experiments. Fractions 
containing pure protein (> 95% purity as judged by SDS-PAGE), were pooled and concen-
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trated on a Vivaspin 4 column 10,000 MWCO (Sartorius Stedim) and used as further de-
scribed.
For peri-XcpP, XcpPTM/HR_HR, XcpPHR and XcpPHR/CC_CC, the pellet was resuspended (500 
mM NaCl, 50 mM Tris, pH 8.0) in the presence of protease inhibitors (Complete®; Roche 
Applied Science), and the cells were lysed by sonication on ice. The cell debris was pelleted 
by centrifugation at 75,000 x g for 30 min at 4 ºC and the supernatant was filtered using a 
syringe filter cap (0.22 µm). The clarified lysate was loaded onto a Ni-NTA column (Qiagen) 
pre-equilibrated with buffer A (50 mM Tris-HCl pH 8, 500 mM NaCl) containing 10 mM 
imidazole, washed with buffer A containing 50 mM imidazole and eluted with buffer A con-
taining 250 mM imidazole. If needed, the His6-tag was removed; appropriate fractions of the 
purified were pooled and concentrated on a Vivaspin 15R column 5,000 MWCO (Sartorius 
Stedim) and buffer was exchanged at least one time with the appropriate cleavage buffer 
(150 mM NaCl, 20 mM Tris-HCl pH 8, 2.5mM CaCl2 for thrombin digestion or 50 mM Tris-
HCl (pH 8.0), 0.5 mM EDTA for TEV cleavage). Two unit of biotinylated thrombin (No-
vagen) was added per ml of concentrated sample and the cleavage reaction was allowed to 
continue for overnight (ON) in the dark at room temperature. About ten units of TEV were 
added to 1 mL of peri-XcpP protein and incubated ON in the dark at room temperature. 
Biotinylated thrombin was removed from the solution by adding streptavidin agarose (No-
vagen) followed by centrifugation (10 min, 4000 x g) and filtration using a syringe filter cap 
(0.22 µm). TEV protease was removed by reloading the mixture to the Ni-NTA column (Qia-
gen) pre-equilibrated with buffer A (50 mM Tris-HCl pH 8, 500 mM NaCl) without imida-
zole. The flow through, containing our untagged protein, was further concentrated. Finally, 
all soluble samples were subjected to SEC on a Superdex-75 column (GE Healthcare) equili-
brated with SECb buffer (150 mM NaCl, 20 mM HEPES pH 8.0). Fractions containing pure 
protein (> 95% purity as judged by SDS-PAGE), were pooled and concentrated on a Vivaspin 
4 column 5,000 MWCO (Sartorius Stedim) and used as further described.
3.3.2. !Multi-Angle Laser Light Scattering
For peri-XcpP, XcpPTM/HR_HR, XcpPHR and XcpPHR/CC_CC, 100 µL of sample was injected on a 
superdex 200 increase GL 10/300 column (GE Healthcare) couple online to the mini-
DAWN™ TREOS® and the Optilab T-rEX Refractive Index Detector (Wyatt technology) in 
series. If available UV concentration determination as well as RI concentration determina-
tion was used side by side. As buffer, the SECb buffer from the purification was used. Con-
centrations used were: 2.3 mg/ml for peri-XcpP, 2.7 mg/ml for XcpPTM/HR_HR, 5.7 mg/ml for 
XcpPHR and 5.0 mg/ml for XcpPHR/CC_CC. Removing the His6-tag did not affect the MALLS 
spectra. MALLS experiments on XcpPfl were performed the same way, but the N-terminal 
His6-tag was not removed. To prevent possible non-specific aggregation of the His6-tag, 1 
mM EDTA was added to the SECa buffer (see above). XcpPfl was injected after SEC purifica-
tion on a column pre-equilibrated with SECa buffer containing 0.2% (w/v) LDAO. Alterna-
tively, concentrated XcpPfl sample was diluted twice with SECa buffer containing 0.05% (w/
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v) LDAO, dialyzed ON at 4 ºC using a 6000-8000 MWCO dialysis membrane (Spectrumlabs) 
and MALLS experiment was repeated with the new buffer. Molecular weight was calculated 
using ASTRA 6.1 software package (Wyatt) and protein conjugate analysis with modifier 
(LDAO) dn/dc value of 0.1480 ml/g (Strop & Brunger 2005). The concentration of injected 
XcpPfl was 0.8 or 2.8 mg/ml for the run in 0.2% (w/v) LDAO and 1.3 mg/ml for the run in 
0.05% (w/v) LDAO. 
3.3.3. Small Angle X-ray Scattering analysis and structural modeling 
Small Angle X-ray Scattering (SAXS) measurements were performed on the P12 beamline at 
the Petra III storage ring, Hamburg (Germany). The peri-XcpP sample, of which the his6-tag 
was removed, was analyzed in batch mode with concentrations of 0.8, 3.3, 5.1, 9.7 and 16.2 
mg/ml diluted in SECb buffer. Data were analyzed using PRIMUS of the ATSAS software 
package (Konarev et al. 2003). BSA was measured as a standard to calculate the MW of the 
unknown sample by multiplying the molecular weight (MW) of BSA (~ average 72 kDa) 
with the I0 value of the unknown sample and dividing by the obtained I0 value of BSA 
(11723.100 +/- 28.090). MW calculation on a relative scale was done by using SAXSMoW 
(Fischer et al. 2010) or by applying the method described in reference (Rambo & Tainer 
2013). Ab initio DAMMIF models were generated by using the online web interface on the 
EMBL website (Svergun 1999). Next, all ab initio models were clustered using DAMCLUST 
or subjected to DAMAVER (Volkov & Svergun 2003) for alignment and averaging. 
3.3.4. Analytical centrifugation
XcpPfl, of which the His6-tag was cleaved after NiNTA, was purified via SEC in the presence 
of 0.2% (w/v) LDAO. Finally, the protein was concentrated to  ~1.5 mg/ml and dialyzed 
against SECa buffer supplied with 1.0% (w/v) Poly(ethylene glycol) octyl ether (Octyl-POE, 
Bachem) using a 10 kDa MWCO dialysis cassette (Pierce). Sedimentation equilibrium ex-
periments with detection by absorption (at 280 nm) or schlieren were performed using a Op-
tima XL-A (Beckmann) centrifuge with An 60 Ti Rotor 316 in collaboration with Biozentrum 
der Univrsität Basel, Dep. of Biophysical Chemistry. Rotor speeds used were 18000 rpm for 
schlieren detection and 20000, 24000 or 32000 rpm for absorption detection. All experiments 
were performed at 20 ºC, except the sedimentation equilibrium with schlieren detection 
which was performed at 22 ºC. Sample concentrations used were: 0.25 mg/ml, 0.4 mg/ml, 
1.0 mg/ml, 1.5 mg/ml, 2.0 mg/ml and 3.0 mg/ml for absorption detection, and 2 mg/ml 
and 3 mg/ml for schlieren. Molecular weight was calculated by plotting the ln(absorbance) 
vs radius^2. 
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3.3.5. Ni-pulldown assay
The binding capacity of the XcpPHR/CC_CC region to the XcpPTM/HR_HR was analyzed using 
Ni-pulldown with XcpPTM/HR_HR as bait. The three different combinations (XcpPTM/HR_HR, 
XcpPHR/CC_CC and XcpPTM/HR_HR + XcpPHR/CC_CC) were diluted into 1 ml of equilibration 
buffer (150 mM NaCl, 20 mM HEPES pH 8.0, 10 mM Imidazole) and incubated for 1 hour at 
4 ºC. After incubation, 200 µL of pre-equilibrated 50% (w/v) Ni-NTA Agarose slurry 
(Thermo scientific) was added and incubated at 4 ºC for another 30 minutes. Next, the mix-
ture was loaded onto a DNA spin column (Promega) and centrifuged for 30 sec at 50 x g. 
This combination worked as well as the commercially available Ni-spin columns. The Ni 
matrix was washed six times by pipetting 400 µL of wash buffer (150 mM NaCl, 20 mM HE-
PES pH 8.0, 20 mM Imidazole), followed by a centrifugation step (20 sec at 50 x g). All flow 
throughs were collected separately. Finally, the protein was eluted with 300 µL elution buffer 
(150 mM NaCl, 20 mM HEPES pH 8.0, 250 mM Imidazole). Twenty µl of each fraction was 
mixed with 10 µL of Laemmli Loading Buffer (2% SDS (w/v), 10% glycerol (v/v), 0.002% 
bromphenol blue (w/v), and 125 mM Tris-HCl, pH 6.8), boiled at 95 ºC for 10 minutes and 
loaded on a 15% Tricine-SDS-PAGE. Amount of sample used was 100 µg for XcpPTM/HR_HR 
and 200 µg for XcpPHR/CC_CC. Same experiment was repeated in phosphate buffer (10 mM 
phosphate pH 7.4, 100 mM NaCl), supplied with the appropriate imidazole concentration. 
3.3.6. !Circular Dichroism measurements
Circular dichroism (CD) measurement on peri-XcpP, XcpPTM/HR_HR, XcpPHR and XcpPHR/
CC_CC were performed using the AVIV Circular Dichroism Spectrometer Model 410 (Bio-
medical Inc., USA). Spectra were recorded in 10 mM Na phosphate pH 7.4, 100 mM NaCl at 
25 °C using a 1 mm path length quartz cuvettes. Removing the His6-tag did not affect the CD 
spectra. About 0.2 mg/ml of each construct was used. CD measurements of XcpPfl were per-
formed on a Jasco J-600 spectropolarimeter at 0.3 mg/ml in 20 mM Tris-HCl pH 8.0, 250 mM 
NaCl, 1 mM EDTA, 0.2% (w/v) LDAO. Spectra were recorded from 260 to 190 nm with 0.25 
nm resolution, a averaging time of 1 s and a bandwidth of 1 nm. The CD spectra were ana-
lyzed using the DichroWeb server (Whitmore & Wallace 2004; Whitmore & Wallace 2008). As 
analysis program, CDSSTR was used in combination with reference set 4 (optimized for 190-
240 nm).
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3.3.7. !Chemical Cross-linking
Ten microgram of XcpPfl (purified in 1.0% (w/v) β-OG and without His6-tag), peri-XcpP, 
XcpPTM/HR_HR or XcpPHR was diluted in the appropriate SEC buffer to a final volume of 50 µl 
(~ 0.2 mg/ml). To investigate the influence of the detergent on the cross-linking behavior of 
the soluble protein fragments, cross-linking was performed with and without 1.0% (w/v) β-
OG in the buffer. To this 1 µl of 37% (w/v) formaldehyde solution (pro analysis, Merck) or 
30% (w/v) freshly made paraformaldehyde was added and the mixture was incubated at 4 
ºC for one hour. Next, 5 µl of 1 M Tris-HCl pH 7.5 was added to quench the reaction for 15 
minutes. To this 10 µl Laemmli Loading Buffer was added and 20 µl was loaded on a 15% 
SDS-PAGE.
3.3.8. !Prediction of TM borders
Following prediction servers were used to determined the borders of the TM region: 
HMMTOP (Tusnády & Simon 2001), DAS (Cserzö et al. 1997), DAS-TMfilter (Cserzö et al. 
2002), TMHHM v 2.0 (Krogh et al. 2001; Sonnhammer et al. 1998), Phobius (Käll et al. 2007), 
TMPred (http://www.expasy.org) and MemSat3 (Nugent & Jones 2009). Each time, the se-
quence of full-length XcpP or homologue was given as input sequence. 
3.3.9. !Molecular Dynamics Simulation of the TM region
A membrane model composed of solely 1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE) molecules was constructed using the build-in membrane tool 
of VMD (http://www.ks.uiuc.edu/Research/vmd/) (Humphrey et al. 1996). A structural 
model of the TM helices was made using Coot (Emsley & Cowtan 2004; Emsley et al. 2010) 
and Pymol (The PyMOL Molecular Graphics System, Version 1.4, Schrödinger, LLC), by 
aligning the GxxxG motif of Glycophorin A with A39xxxA43 or S45xxxA49 from the TM helix of 
XcpP. In silico mutations were generated in Coot; L35L36xxA39xxxA43xxxS47 > 
L35L36xxL39xxxI43xxxL47   and I41I42xxS45xxxA49 > I41I42xxL45xxxL49. Next, wild-type and mu-
tated TM models were embedded into the membrane model and clashing lipids were re-
moved. Finally a water layer of about 7 Å was added at both surfaces of the membrane. Mo-
lecular Dynamics Simulations was done on the all atom structures using NAMD (Phillips et 
al. 2005) version 2.8 and the Charmm27 protein/lipid force field topology and parameter 
files (http://mackerell.umaryland.edu). The MD simulation was done in 4 steps: 1) short 
minimization and equilibration of the lipid tails (0.25 ns), 2) short minimization and equili-
bration with harmonic protein constrains (0.25 ns), 4) short equilibration with the permitting 
variable cell volumes in the xy-plane (0.25 ns) and 4) the actual simulation with fixed cell 
volumes (15 ns). For analyzation, the distance between the centers of each helix was plotted 
in function of the frames.
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3.4. ! Results
3.4.1. !The periplasmic domain of XcpP is monomeric in solution 
Different soluble fragments as well as the complete periplasmic domain of XcpP were cloned 
and purified (see material and methods). An overview of the constructs and proteins used in 
this study is given in figure 3.1A: peri-XcpP (residues 59 - 235, numbering according to Uni-
Prot #Q51575), XcpPTM/HR_HR (residues 59 - 166), XcpPHR (residues 85 - 166 ) and XcpPHR/
CC_CC (residues 167 - 235 ). The XcpPHR and XcpPTM/HR_HR constructs contain the homology 
region (HR) domain whereas XcpPHR/CC_CC overlaps with the predicted coiled coil domain 
and C-terminal domain. 
Using Multi Angle Laser Light Scattering (MALLS), we examined the hydrodynamic proper-
ties of all periplasmic fragments. peri-XcpP eluted as a mono-disperse peak with a calculated 
molecular weight (MW) close to a monomer (Fig. 3.2A). In addition, MALLS analysis on all 
other constructs confirmed that they are most likely monomeric in solution (Fig. 3.2A). No-
tably, according to the MALLS data, the left half of the main peak of XcpPHR/CC_CC also con-
tains higher oligomeric species. Unfortunately, it was impossible to calculate any reliable 
MW information for it. Further, peri-XcpP was subjected to Small Angle X-ray Scattering 
(SAXS) in batch mode at five different concentrations: 0.8, 3.3, 5.1, 9.7 and 16.2 mg/ml. All 
concentrations gave high quality data with perfect overlapping scattering curves (Supple-
mental Fig. S3.1). No concentration effect or aggregation was observed. Three different 
methods were applied to estimate the MW for the different concentration (see material and 
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Figure' 3.1'+' (A)$ Schematic$representation$of$ the$ﬁve$constructs $of$XcpP$used$in$ this$
study:$XcpPﬂ,$peri=XcpP,$XcpPHR/CC_CC, $XcpPTM/HR_HR$and$XcpPHR.$(B)$Deduced$amino$
acid$sequence $of$the$predicted$TM$helix$of$XcpP.$The$core $sequence$is $underlined.$(C)$
A$helical$wheel$projection$of$the $predicted$TM=helix$of$OutC.$See$text$for$more$expla=
nation.$
methods). All of them yielded a MW close to the theoretical MW of monomeric peri-XcpP 
(Fig. 3.2B). Combined, both our MALLS and SAXS measurements strongly suggest that the 
periplasmic domain of XcpP is monomeric in vitro. 
3.4.2. !The periplasmic domain of XcpP forms an elongated structure
As peri-XcpP is monomeric in solution, we assessed if the CC-domain could bind to other 
regions of the XcpP protein and in particularly the HR domain. To test this, his-tagged 
XcpPTM/HR_HR and untagged XcpPHR/CC_CC were subjected to Ni-pulldown assay separately 
or together (Supplemental Fig. S3.2). No binding between both regions could be detected. 
Changing the buffer from HEPES to phosphate did not have any effect (results not shown). 
To verify that the lack of binding is not due to structural instability of the proteins, all con-
structs were measured by circular dichroism (CD) in presence of a phosphate buffer (see ma-
terial and methods). The CD spectra clearly show that all constructs were folded well (Sup-
plemental Fig. S3.3). This might suggest that the peri-XcpP adopts an elongated structure.
Next, the averaged SAXS data of the four highest concentrations was used for ab initio model 
calculation. Plotting these data as I*s^2 vs. s (i.e. Kratky Plot) indicates a possible partially 
unfolded or highly flexible structure (Fig. 3.2B). To assess the structural properties of peri-
XcpP in solution, twenty independent ab initio bead models of peri-XcpP were reconstructed 
by running DAMMIF on the averaged SAXS data with a Dmax value of 14.5 nm. As peri-
XcpP was predicted to be monomeric in solution, no symmetry operations were applied. All 
models had a chi-value between 1.183 and 1.276, indicating a good agreement for all models. 
Using DAMCLUST three different clusters were obtained (Fig. 3.3). In all three clusters, peri-
XcpP forms an elongated structure with a sort of central lobe and two “appendices” on op-
posite sites. Next, all clustered models were superimposed and averaged by DAMAVER 
(Fig. 3.3). Again, the central lobe and appendices could be observed. Interestingly, the central 
lobe has roughly the same dimensions as the HR domain found in the crystal structure of 
ETEC GspCP (pdb entry 3OSS) (Korotkov et al. 2011).
3.4.3. !Cross-linking studies of XcpP suggest self-association
Purified peri-XcpP, XcpPTM/HR_HR and XcpPHR as well as full-length XcpP were subjected to 
cross-linking using a ready made formaldehyde stock as cross-linking reagent (see material 
and methods). Surprisingly, upon cross-linking dimeric cross-linked species could be ob-
served for all four constructs. However, upon addition of 1.0% (w/v) β-OG, which corre-
sponds to the detergent concentration of XcpPfl, the amount of cross-linked species for peri-
XcpP, XcpPTM/HR_HR and XcpPHR was clearly reduced (Supplemental Fig. S3.4A). Notably, in 
the presence of β-OG, the amount of cross-linked XcpPfl is consistently higher compared to 
peri-XcpP, XcpPTM/HR_HR or XcpPHR. This might indicate a possible role for the TM domain in 
oligomerisation. A less pronounced effect of β-OG was observed when freshly made formal-
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Molecular Weight estimation by MALLS
Sample MALLS Theoretical
peri-XcpP 23.88 ± 0.73 21.623
XcpPHR/CC_CC  8.34 ± 0.47 7.809
XcpPTM/HR_HR  13.41 ± 1.61 13.945
XcpPHR  12.43 ± 0.98 11.175
Molecular Weight estimation by SAXS
Conc. BSA SaxsMow Rambo
0.8 mg/ml 20 27 21
3.3 mg/ml  19 22.4 17.0
5.1 mg/ml  20 21.6 17
9.7 mg/ml  20 20.4 16
16.2 mg/ml  19 19.7  15.5
Averaged  20 21.2  16.8
Figure 3.2 - MW analysis of the different constructs of XcpP. (A) MALLS data: over-
lap of the different elution profiles. The bar in grey gives the measured molecular 
mass of the protein. All values are in kDa. Except for XcpPHR/CC_CC, the His6-tags 
were not cleaved before MALLS measurements. The main peak of XcpPHR/CC_CC also 
contained higher oligomeric species at the left half of the peak. Value reported here 
corresponds to the right half. (B) SAXS data of the averaged scattering curve: I vs. s, 
Guinier plot, Kratkyplot, Distance distribution function. Dmax was determined as 
14.5 nm. Table, molecular weight estimation of the measured scattering curves at dif-
ferent concentrations using three different approaches.  All values are in kDa. Theo-
retical MW of peri-XcpP without His6-tag is 19.412 kDa. Average corresponds to con-
centrations from 3.3 to 16.2 mg/ml
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Figure 3.3 - DAMMIF models of peri-XcpP in comparison to the HR domain of 
ETEC GspCP. Light grey = envelope of the union of models, averaged models, color = 
bead model of intersection of models belonging to the same cluster. Dark blue = enve-
lope of HR domain taken from the crystal structure of ETEC GspC (pdb entry 3OSS). 
Green = averaged model of DAMAVER. Three cluster were obtained by DAMCLUST 
(left): cluster 1 (2 models, normalized spatial discrepancy (NSD) within cluster = 0.81, 
chi value reference model = 1.200), cluster 2 (2 models, NSD within cluster = 0.71, chi 
value reference model = 1.189) and cluster 3 (16 models, NSD within cluster = 0.78, chi 
value reference model = 1.205). NSD between the clusters are 0.80, 0.91 and 0.82 for 
cluster 1 to 2, 1 to 3 and 2 to 3, respectively. Using DAMAVER, all clustered models 
were superimposed and an average model is calculated (right).
dehyde solution was used (Supplemental Fig. S3.4B). However, slightly lower amount of 
cross-linked peri-XcpP compared to XcpPfl was still observed (Supplemental Fig. S3.4B). 
Finally, for peri-XcpP, XcpPHR and XcpPfl, also higher order cross-linked products could be 
detected (Supplemental Fig. S3.4A, white triangle). Again, this was consistently lower in 
the presence of β-OG. 
3.4.4. !The transmembrane region drives self-association in full-length XcpP
Next, we addressed the oligomerisation properties of full-length XcpP by analytical ultracen-
trifugation (AUC) and MALLS.  Sedimentation experiments were performed in the presence 
of 1.0% (w/v) Poly(ethylene glycol) octyl ether (Octyl-POE) as detergent. Octyl-POE is a de-
tergent with a density close to water (Lustig et al. 2000) and is therefor almost invisible in 
sedimentation experiments. Increasing concentrations of purified XcpPfl were measured, 
ranging from 0.25 to 3 mg/ml. Interestingly, our data show that XcpPfl at the lowest concen-
tration (below 1.0 mg/ml) is predominantly monomeric whereas at higher concentrations 
(from 1.0 mg/ml and higher) XcpPfl forms dimeric species (Table 3.1). 
We also measured XcpPfl using MALLS in two different detergent concentrations: 0.2% (w/
v) and 0.05% (w/v) LDAO, respectively. Notably, both concentrations were well above the 
theoretical critical micelle concentration (CMC). Protein concentrations used were 0.8 or 2.8 
mg/ml for the run in 0.2% (w/v) LDAO and 1.3 mg/ml for the run in 0.05% (w/v) LDAO. 
However, due to the MALLS setup involving a SEC column, the protein samples get diluted 
about five times during the experiment. The results are summarized in figure 3.4. Interest-
ingly, in presence of 0.2% (w/v) LDAO, XcpPfl eluted around 24.1 min (12.05 ml) corre-
sponding to a monomer, which was independent of the protein concentration used as at 
higher concentration XcpPfl also eluted as a monomer (Fig 3.4). However, when the deter-
gent concentration was reduced to 0.05% (w/v), XcpPfl eluted as an asymmetrical peak at 
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Table 3.1. MW estimation of XcpPfl using analytical ultracentrifugation
Conc. XcpPfl*
 (mg/ml)
18000 rpm
Schlieren
20000 rpm
Absorption
24000 rpm
Absoprtion
32000 rpm
Absorption
0.25 28.5 kDa (26-31)** 30 kDa (25-35)
0.4 29.0 kDa (26-32) 32 kDa (26-38)
1.0 32.1 kDa (29-35) 32.5 kDa (25-40)
1.5 44.6 kDa (43-46)
2.0 53.4 kDa 48.9 kDa (44-54)
3 56.5 kDa 51.4 kDa
*  Theoretical MW of XcpPfl is  25.5 kDa
** If applicable, a lower an upper limit of the MW estimation is given between parentheses
22.2 min (11.1 ml), with a long right shoulder. MW calculations estimated the presence of a 
dimer in the peak fraction. In addition, an extra peak was observed around 28 min (14 ml), 
corresponded to empty micelles. Notably, the calculated mass of the modifier (LDAO) in all 
peaks is more or less the same (~ 23 kDa). In conclusion, both the MALLS and AUC results 
suggest that XcpPfl can adopt dimers in vitro. However, the formation of these dimers are in 
equilibrium with monomers; increasing the protein concentration or decreasing the deter-
gent concentration shifted the equilibrium in favor of the dimeric oligomeric state.
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LDAO'
Concentration
Protein
Concentration Peak Modiﬁer'Mass Protein'Mass
0.2%,(w/v) 0.8,mg/ml Main,(24,min) 23.2,±,0.2, 30.5,±,0.1,
Micelle,(28,min) ND ND
2.8,mg/ml Main,(24,min) 23.7,±,0.1, 32.4,±,0.5,
Micelle,(28,min) 22.3,±,0.1, ND
0.05,%,(w/v) 1.3,mg/ml Main,(22.2,min) 21.4,±,0.2, 51.6,±,0.3,
Micelle,(28,min) 28.4,±,0.3, <,1
All,values,are,in,kDa.,Theoretical,MW,of,XcpPﬂ,is,,25.5,kDa.,ND,=,not,able,to,determine
Figure 3.4 - MW determination of XcpPfl by MALLS at different detergent 
concentrations.  Depending on the detergent concentration XcpPfl migrated as a 
monomer or a dimer. The modifier mass (red, i.e. the LDAO micelle) is almost 
constant throughout both experiments. Amount of protein injected: 130 µg for 
the run in 0.05% LDAO and 80 µg for the run in 0.2% LDAO. For clarity, the 
graph of XcpPfl at 2.8 mg/ml in 0.2% (w/v) LDA is not shown.
3.4.5. !Search for potential dimerization motifs in the TM sequence of
! XcpPfl
The borders of the TM helix of XcpPfl were predicted using different prediction servers: 
residues 32-50 (HMMTOP), residues 32-50 (DAS), residues 34-48 (DAS-TMfilter), residues 
31-53 (TMHHM v 2.0), residues 31-50 (Phobius), residues 31-50 (TMPred) and residues 34-50 
(MemSat3). Interestingly, all these predictions do deviate significantly from the values re-
ported by Uniprot entry #Q51575 (residues 35-55). The consensus sequence from above pre-
diction software goes form residue Tyr31 to residue Trp50 (Fig. 3.1B).
In the case of OutCP three polar residues at the same helix face seemed to be essential for the 
TM self-association in a cooperative manner. In the case of XcpP, except for the two serine 
residues (Ser45 and Ser47), no polar residues are present in the TM sequence. Moreover, based 
on the helix wheel projection (Fig 3.1C), these serine residues are present at the opposite 
sites of the helix, indicating that there is no a polar motif present in the case of XcpP. There-
for, we examined if any other common dimerization motifs such as a GxxxG (or GxxxG-like) 
motif, a leucine zippers or motifs of aromatic or polar residues are present (Li et al. 2012). 
Interestingly, we found two possible GxxxG-like motifs: (1) S45xxxA49 (Fig. 3.1B and 3.1C, 
black triangles) and (2) A39xxxAxxxS47 (Fig. 3.1B and 3.1C, black asterix) (Kim et al. 2005; 
Russ & Engelman 2000; Senes et al. 2004). In addition, β-branched residues (Ile, Val) or bulky 
hydrophobic residues (Leu, Met, Trp) are found at neighboring positions of each alanine or 
serine residues. Moreover, downstream of both GxxxG-like motifs and lying on the same 
helix interface, a cluster of two bulky hydrophobic residues (I41I42 and L35L36, respectively) is 
found. These bulky hydrophobic residues might pack with one another across the interface, 
as observed in the case of Glycophorin A. In the latter, a leucine and isoleucine are found 
two residues downstream of a GxxxG motif (LIxxGVxxGVxxT) and were found to stabilize 
the interaction (Lemmon et al. 1994). Combined, the two possible dimerization motifs are (1) 
L35L36xxA39xxxA43xxxS47 (BBxxSmxxxSmxxxSm; Sm = Ala, Ser, Gly) or (2) I41I42xxS45xxxA49 
(BBxxSmxxxSm). Both motifs would implicate that the two helices cross right-handed.
3.4.6. !Relevance of the dimerization motifs
The abundance of small residues and leucines or other aliphatic residues is naturally very 
high in transmembrane sequences, giving rise to many apparent dimerization motifs. Thus, 
looking for simple sequence motifs might be a oversimplification of the much more complex 
system of TM interactions (Fink et al. 2012). However, patterns of small residues (Gly, Ala 
and Ser) at i and i+4 found in association with large aliphatic residues (Ile, Leu and Val) at 
neighboring positions (i+/-1, i+/-2) are much more common than could be predicted by 
change (Senes et al. 2000).  To estimate the relevance of the dimerization motifs found in the 
TM sequence of XcpP, we looked if similar motifs (namely BBxxSmxxxSm or 
BBxxSmxxxSmxxxSm) are present in homologues of XcpP from both closely and distantly 
related species. We hypothesized that if the dimerization motif is relevant, it would be more 
Chapter 3 - XcpP dimerizes via its TM helix
109
or less conserved among the different species, at least in the closely related ones. The results 
are summarized in figure 3.5. The borders of the TM helix were predicted using the TMPred 
or the TMHHM prediction server. Used sequences were: XcpP (Uniprot entry: Q51575, Pseu-
domonas aeruginosa), XcpP (S6AHK0, Pseudomonas resinovorans), XcpP (U1T6X6, Pseudomonas 
mendocina), XcpP (Q9ZFX9, Pseudomonas alcaligenes), XcpP (F2N222, Pseudomonas stutzeri), 
XcpP (W8QZL2, Pseudomonas stutzeri), XcpP (T2HB39, Pseudomonas putida),  XphA (Q9I2M8, 
Pseudomonas aeruginosa), HxcP (G4LML3, Pseudomonas aeruginosa), TxcP (A6V166, Pseudomo-
nas aeruginosa PA7), XpsC (P29040, Xanthomonas campestris), OutC (Q01564, Dickeya dadantii), 
PulC (P15643, Klebsiella pneumoniae), GspC (P45757, Escherichia coli), EpsC (P45777, Vibrio 
cholerae) and ExeC (P45790, Aeromonas hydrophila). Underlined species belong to the same 
subgroup of Pseudomonas aeruginosa (Anzai et al. 2000). Interestingly, in all closely related 
XcpP homologues (namely XcpP, XphA, HxcP, TxcP), a putative SmxxxSm motif is present 
(Fig. 3.5, cluster 1). Furthermore, also EpsC and ExeC contain a SmxxxSm motif. Upon 
alignment of the different SmxxxSm motifs of the first cluster, two bulky hydrophobic (Leu 
or Ile) or β-branched (Ile, Val) residues are almost always found downstream of this motif, 
forming a possible BBxxSmxxxSm motif (Fig. 3.5, red). For two sequences, namely XphA 
and XcpP (P. aeruginosa) also a BBxxSmxxxSmxxxSm motif was found in which the final Sm 
residue was a serine. (Fig. 3.5, dark blue). In most cases, large aliphatic residues (Ile, Val, 
Leu) are found at neighboring positions of each glycine, serine or alanine residue. However, 
also aromatic residues (Phe, Trp) as well as threonine can be found in these positions. For 
four sequence no duplet of bulky or branched residues were observed downstream of the 
SmxxxSm motif(Fig. 3.5, light blue). Moreover, these SmxxxSm motifs are found near the N-
terminal region of the TM helix, whereas the BBxxSmxxxSm are predominantly present at 
the C-terminal region. Finally, in the case of the BBxxSmxxxSm, but not BBxxSmxxxSmxxxS, 
the residue in the middle of the SmxxxSm-motif is almost alway polar (Ser, Thr, Gln) or aro-
matic with a polar group (Tyr, Trp) (Fig. 3.5, magenta). 
In contrast, some sequences did not contain a GxxxG or SmxxxSm motif at all (Fig. 3.5, clus-
ter 2). However, in all members of this cluster, polar residues can be found throughout the 
TM helix (Fig. 3.5, yellow) and at least one of these polar residues were either a glutamine or 
asparagine, which are often found in TM dimerization interfaces (Li et al. 2012). In compari-
son, except for XcpP from P. putida and the central polar residue in the SmxxxSm motif from 
ExeC from Aeromonas hydrophila, only serine or threonine residues are found in the TM se-
quences of the SmxxxSm cluster. Interestingly, in both cases at least two polar residues can 
be found at the same helical site. 
3.4.7. !Validation of TM dimerization - future perspectives
Although the biochemical data presented here indicates a possible dimerization event of the 
TM helix in vitro, the dimerization propensity of the TM helix of XcpP should be ideally 
tested in vivo. ToxR (Langosch et al. 1996) or TOXCAT (Russ & Engelman 1999) systems have 
been successfully used in the past to study weak interactions between the TM helices within 
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$$$$$$Cluster$1:$with$SmxxxSm
                                   !     !      !             BBxxGxxxG !
   >TM_XcpP_Paer_Q51575_28-53 (31-50)! ! LQRYAPALLAVALIIAMSISLAWQAA-------------
   >TM_XcpP_Pres_S6AHK0_11-35 (13-32)! ! ---QRHAPALVAALLVLAMVASFAWQTR-----------
   >TM_XcpP_Pmen_U1T6X6_15-37 (18-34) !  ! ---NAPSLIGMLVLIALSVSLAWQSA-------------
   >TM_XcpP_Palc_Q9ZFX9_14-35 (16-33)! ! --RHGVTGLCLLVVLLITLSLSKQ---------------   
   >TM_XcpP_Pstu_W8QZL2_11-33 (14-32)   ! -RQHAPLIVSAVIVVLFGFFLAGQ---------------
   >TM_XcpP_Pstu_F2N222_11-35 (14-32)! ! -RRYVPLFFSAVFLCLFAFYLATQIE-------------
   >TM_EpsC_Vcho_P45777_24-53 (27-50)   ! -QKPISEGLTLLLLVASAWTLGKMVWVVSAE--------
   >TM_ExeC_Ahyd_P45790_24-46 (27-44)   ! ---RFSQPLFWLLLLLLAHQCAGLTWR------------
   >TM_XphA_Paer_Q9I2M8_30-52 (33-49)! ! ----HPAVLCVLLLALLSASLASQTR-------------
  
                                   !    !      !             BBxxGxxxGxxxG
   >TM_XcpP_Paer_Q51575_28-53 (31-50)     ! ------LQRYAPALLAVALIIAMSISLAWQAA-------
   >TM_XphA_Paer_Q9I2M8_32-52 (33-49)   ! -------HPAVLCVLLLALLSASLASQTR----------
                                   ! !
                                   ! ! ! !           GxxxG
   >TM_XpsC_Xcam_P29040_10-35 (13-32) ! ! -------------TWLLATVVGWALLVCVLAVAGLGKRV
   >TM_XcpP_Pput_T2HB39_11-31 (14-28)! ! -----------AGLTLAGWLAAQCVLQLSRQP------- 
   >TM_HxcP_Paer_G4LML3_12-37 (15-34) ! ! ---------LVQFAAVLAILAGLLFWGYLLLAPIP----
   >TM_TxcP_Paer_A6V166_12-36 (17-33) ! ! -----------QRLLLPATGVALCAWMAWLALDSW----
  
$$$$$$Cluster$2:$without$SmxxxSm
                                                                                                                                        *      *      *      *
   >TM_OutC_Ddad_Q01564_15-35 (19-35) ! !  --------RRILFYLLMLLFCQQLAMIFWR----
   >TM_PulC_Koxy_I6WV91_21-49 (28-46)    !  ---IINYAPHIVTSIILFFICQQLAQLTWKII--
   >TM_GspC_Ecol_P45757_15-38 (17-35)   !  ----------KDAAINILIIFISIGSIIFNVNYF
   
Figure 3.5 - Sequence alignments of different TM sequences of XcpP and XcpP 
homologues. Each time the uniprot sequence and the showed residues are given. The 
numbers between parentheses denote the minimal TM helix as predicted by the 
TMPred or the TMHHM prediction server.  Labels are: yellow = polar residues, red = 
BBxxSmxxxSm motif, dark blue = BBxxSmxxxSmxxxSm motif, light blue = SmxxxSm 
motif. The sequence of XcpP from Pseudomonas aeruginosa is given on top.  Beside a 
BBxxSmxxxSm motif,  XcpP and XphA from Pseudomonas aeruginosa contain an alterna-
tive BBxxSmxxxSmxxxSm motif. Notably, XpsC from Xanthomonas campestris, HxcP 
and TxcP from P. aeruginosa have a SmxxxSm motif near the N-terminal part of their 
TM helix. For layout purposes SmxxxSm is given as GxxxG in the figure. The * symbol 
on top of cluster 2 indicate residues lying a the same helix interface (~7 residues/
turn). All observed motifs are also conserved within different strains of the same spe-
cies (Supplemental Table S3.2)
the membrane environment of E. coli.  Alternatively, analytical fluorescence resonance en-
ergy transfer (FRET) has been applied to study the dimerization energetics in mammalian 
membranes (Chen et al. 2010). Both approaches give information about the dimerization 
propensity of the TM helix and could be applicable in the case of XcpP. However, due$to$the$
time$limits$we$were$facing,$we$have$tried$ to$bridge$the$lack$of$ in#vivo$information$by$apply=
ing $molecular$ dynamic$ (MD)$ simulation.$ Recently,$ multidimensional$ umbrella$ sampling$
(US)$and$replica$exchange$molecular$(REMD)$dynamics$simulations have been applied with 
success to predict the structure of the TM helix dimer of glycophorin A and receptor tyrosine 
kinase EphA1$ (Li$ et$ al.$ 2014).$ Likewise,$ coarse=grained$ molecular$ dynamics$ simulations$
have$been$ used$ to$study$ the$ self=assembly$dynamics$ of$ Leukocyte$ integrin$ αβ2$and$ αβ3$
(Chng$&$Tan$2011).$In$our$case$we$used$a$brute$force $approach$by $using $an$all$atom$molecu=
lar$dynamics$simulation$ in$which$a$wild=type$or$mutated$pre-dimerized helix model was 
embedded in an explicit membrane patch of POPE (1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine) molecules. POPE is the main constituent of the inner membrane in P. 
aeruginosa (Benamara et al. 2011). We hypothesized that if the SmxxxSm motif is important, 
the helices will stay together during the MD simulation. However, at moment of writing this 
thesis, we$were$only$be$able$to$simulate$for$about$15$ns$(Supplemental'Fig.'S3.5).$Unfortu=
nately,$this$didn’t$allow$us$to $conduct$reliable$information,$probably$due$to$a$too $short$simu=
lation$ time$ and/or$ an$ inappropriate$ simulation$ approach.$ More$ experiments$ and$ longer$
simulations$time$are$deﬁnitely$needed.$However,$also$other$approaches$such$as$steered$mo=
lecular$ dynamics$simulations$ (SMD)$or$ REMD$simulations$ in$ implicit$ membrane$patches,$
should$be$exploited$and$would$even$be$more$applicable$in$this$speciﬁc$case.
3.5. Discussion
Protein secretion is not only essential for the bacterial cell to cope with changing environ-
ment, but also contributes in high extend to the cells virulence (Bleves et al. 2010). The type 
II secretion system, one of the five secretion systems present in the opportunistic human 
pathogen Pseudomonas aeruginosa, is one of the most important and highly versatile secretion 
system in this bacterium (Filloux 2011). Despite our growing understanding of the structural 
and mechanistic principles of this system, we are still left in twilight especially concerning 
the oligomeric states of the different components.
In this contribution, we provided biochemical evidence by multi angle laser light scattering 
(MALLS), small angle x-ray scattering (SAXS), analytical ultracentrifugation (AUC) that full-
length XcpPC is able to form a stable dimer in vitro whereas the periplasmic domain alone 
does not. Consequently, we have postulated that the transmembrane (TM) helix is the main 
driving force behind this dimerization event. However, solely based on our data, we cannot 
rule out the role of the small N-terminal cytoplasmic domain. Nonetheless, the contribution 
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of this domain will be rather limited as a functional variant of XcpPC is also translated from 
an alternative start codon, leaving only 12 residues behind (Fig 3.1) (Bleves et al. 1999). 
Moreover, a hybrid protein in which the N-terminal domain was swapped with the N-
terminal domain of OutCP was still functional (Gérard-Vincent et al. 2002) and truncation 
mutations or mutations that altered this N-terminal region in the XcpPC homologue PulCP, 
did not affect its function in the T2SS (Possot et al. 1999). 
One of our most intriguing observations is that the dimerization event seemed to dependent 
on the detergent concentration (MALLS) and the protein concentration (AUC) with a appar-
ent turning point at a concentration of ~ 1 mg/ml. Effect of the detergent choice and concen-
tration on the dimerization of TM helices in vitro has indeed been observed for membrane 
proteins like for example the Human Serum Paraoxonase (HuPON1) protein (Josse et al. 
2002) and Glycophorin A (Fisher et al. 1999). This makes extrapolation of the in vitro situa-
tion to in vivo rather difficult. However, in the case of XcpPC, replacing its TM helix by the 
first TM region of TetA or PelB signal sequence resulted in a non-functional XcpPC variant, 
although it was expressed and present in the membrane at similar amounts as the wild type 
protein (Bleves et al. 1999). This indicates that the TM sequence of XcpPC is not just a mem-
brane anchor in vivo, but that it plays a functional role in the XcpPC protein. Thus, our in vi-
tro observations might still hold for the in vivo context of a functional T2SS. Moreover, em-
bedded in the cell membrane, XcpPC molecules have a lower degree of freedom and exhibit 
the same topology. In addition,  the interaction with other partners of the T2SS, such as 
XcpQD, can increase the local concentration of the protein, favoring oligomerisation. 
Careful sequence sequence analysis of the TM helix, revealed the presence of two possible 
dimerization motifs: (1) BBxxSmxxxSm and (2) BBxxSmxxxSmxxxSm. However, it is still 
possible that other motifs are present or other residues are involved in the TM dimerization 
(Li et al. 2012). Moreover, as stated above, also the micelle or membrane environment can 
influence the TM-TM interactions (Fink et al. 2012). Thus, looking for simple sequence motifs 
might be a oversimplification of the much more complex system of TM interactions. 
However, SmxxxSm and even BBxxSmxxxSm motifs were also found the TM sequences of 
closely as well as in some distantly related XcpPC homologues, including EpsCP (Vibrio 
cholera) and ExeCP (Aeromonas hydrophila) (Fig. 3.5). This might not be explained merely 
based on coincidence or chance and thus provides evidence, although not proves, that there 
is a certain level of relevance inside the observed dimerization motifs. 
In contrast to the idea that the TM helix is the sole contributor to the dimerization of XcpPC, 
also other parts of the full-length protein might contribute to the dimerization. In this 
regard, cross-linked species were indeed observed for all periplasmic constructs that 
included the HR domain. In addition, higher order species were also detected at the left side 
of the peak for XcpPCHR/CC_CC during the MALLS experiments. Thus, it is possible that for 
the formation of a stable dimer several dimerization interfaces might be required 
simultaneously, which are to weak on their own to induce dimerization. 
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We are still left to wonder why the CC domain did not induce dimerization of the 
periplasmic domain, despite the fact that its presence is unanimously predicted. In fact, our 
results contradict earlier studies of XcpPC, whereby cross-linked species of XcpPC were 
found in vivo only in variants that contain the CC domain or PDZ domain (Gérard-Vincent et 
al. 2002). This discrepancy might be due to the inherent difference between the in vitro and in 
vivo situation. Alternatively, the combination of overproduction and maybe unstable 
truncation mutants might also explain the in vivo results. Contradicting results have indeed 
been reported in literature concerning the CC domain. Deletion or mutation of the CC alone 
complete abolished secretion, whereas deletion of the CC domain together with the C-
terminal residues does not (Bleves et al. 1999). Moreover, the C-terminal part of XcpPC, 
including the CC domain, are predicted to be highly unstructured. It is thus not unlikely that 
the CC domain only adopts its secondary structure upon binding to other components of the 
T2SS  (including other XcpP molecules) or even substrates. In this regard, initial 
dimerization of XcpPC via its TM region might be a necessity for the formation of a function 
CC domain.  
The involvement of the TM region in the dimerization of XcpPC agrees nicely with the 
findings of OutCP, the XcpPC homologue from D. dadantii  (Login & Shevchik 2006). In the 
case of OutCP three polar residues at the same helix face seemed to be essential for the TM 
self-association in a cooperative manner. Moreover, this TM region of OutCP seemed to be 
also involved in interactions with OutLY and OutMZ, creating a complex interaction network 
inside the inner membrane (Lallemand et al. 2013). This might also hold for the Xcp system 
and even other T2SS. Our observation that the TM of XcpPC is involved in its self-association 
certainly points already into this direction. However, in contrast to OutCP, XcpPC most likely 
exploits a different strategy for its self-association. Finally, we also want to note here that for 
several homologues of XcpPC, more than one possible dimerization motif is present. This is 
for example the case for XcpPC and XphA from Pseudomonas aeruginosa. Notably, both XphA 
(together with XqhA) and XcpP use the same members of the Xcp system to constitute a 
functional T2SS in P. aeruginosa (Michel et al. 2007). The observed duality might be therefor 
more than just coincidence. In fact extra possible dimerization motifs other than SmxxxSm 
have also been observed in some other XcpPC homologues. Note for example the FxxF/Y 
motif in XcpP from P. stuzeri. Also, the polar or aromatic residue observed in middle of 
several SmxxxSm sequences  might provide extra interaction possibilities. Hypothetically, 
these extra interaction platforms might be needed for the interaction either between XcpP 
dimers (homo-oligomerisation) or with other TM helices from other T2SS components 
(hetero-oligomerisation), as in the case of OutCP. Definitely, more studies are needed to 
elucidate the exact role of the TM helix in GspCP proteins in each system, particularly in vivo. 
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Supplemental table S3.1. - Overview of primers
Primer name 5’ —> 3’ sequence
XcpPfl_FW CATATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCGAAA
ACCTGTACTTCCAAGGCAGCATGATCCCTCGGCGATCTTCAGAC
XcpPfl_RV GCGGCCGCTCATTATCAGTCGCTTTCCGTAGGCGTGG
HR_FW CATATGCTCTTCGGCACCAGCGCCCAG
HR_RV GGATCCTTATCACGGGAAGGGCAGGC
TM/HR_HR_FW CATATGCAACGCAGCCCGGTAGC
TM/HR_HR_RV GGATCCTTATCACGGGAAGGGCAGGC
HR/CC_CC_FW CATATGCACCGTTCCGGGGGACTGC
HR/CC_CC_RV GGATCCTTATCAGTCGCTTTCCGTAGGCG
XcpPsol_FW CATATGCAACGCAGCCCGGTAGC
XcpPsol_RV GGATCCTTATCAGTCGCTTTCCGTAGGCG
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Supplemental figure S3.1 - Raw SAXS data of peri-XcpP. All concentrations gave 
high quality data with perfect overlapping scattering curves and no concentration 
effect or aggregation was observed.
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Supplemental figure S3.2 - Ni-Pulldown experiment between the XcpPTM/HR_HR and 
XcpPHR/CC_CC. Up: XcpPTM/HR_HR alone binds to the Ni, whereas XcpPHR/CC_CC does not 
(middle). Down: not interaction was observed between XcpPTM/HR_HR and XcpPHR/
CC_CC. L = Loaded on the Ni-spin column, FT = Flow Trhough, W1-W6 = Wash, EL = 
Elution. 
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XcpPﬂ peri)XcpP XcpPHR/CC_CC XcpPTM/HR_HR XcpPHR
Alpha.Helix 0.21%(0.19) 0.18%(0.15) 0.22%(0.22) 0.08%(0.07) 0.07%(0.08)
Beta.Strand 0.24%(0.29) 0.29%(0.26) 0.24%(0.21) 0.36%(0.36) 0.36%(0.38)
Turns 0.26%(0.25) 0.20%(0.29) 0.25%(0.29) 0.23%(0.23) 0.23%(0.22)
Unordered 0.28%(0.27) 0.33%(0.30) 0.29%(0.28) 0.33%(0.33) 0.33%(0.31)
Supplemental figure S3.3 - Circular Dichroism measurements of the different con-
structs of XcpP. All constructs seem to be folded well. Relative portions of different 
secondary structure elements were estimated using the CDSSTR method together 
with reference dataset 4, as supplied on the DichroWeb server. Data between paren-
theses correspond to the second dataset. XcpPHR and XcpPTM/HR_HR clearly consist 
mainly out of β-strands, whereas the other proteins are a mixture of α-helices and β-
strands.
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Supplemental figure S3.4 - Chemical cross-linking of XcpPfl, peri-XcpP, XcpPTM/
HR_HR and XcpPHR.  (A) effect of β-OG on the cross-linking of peri-XcpP, XcpPTM/HR_HR 
and XcpPHR. (B) Similar effects are also observed when freshly made formaldehyde 
was used although less pronounced. In all cases when β-OG is present, the amount of 
cross-linked XcpPfl protein is always higher compared to the soluble constructs as 
judged by the intensity of the cross-linked bands.  Black triangle = dimeric species, 
white triangle = higher order species. Please, note also the lower amount of higher 
order species in presence of β-OG. 
Supplemental table S3.2 - Overview of XcpP sequences from different strains within the same spe-
cies. In each case the uniprot code is given in blue. In case of P. aeruginosa only a sub-selection is 
given. In all cases the observed SmxxxSm or BBxxSmxxxSm motif are conserved. 
XcpP from P. stutzeri
     ******* .****.**::*:::**:*..*** *****:.*:* *:*:*:**: :..** *
1    MPLPGKLHSYRRYVPLFFSAVLLCLFAFYLATQIEQWVQLTRAPAPADLYEDQAASLGRP   60  A4VKG2     A4VKG2_PSEU5
1    MPLPGKLHSYRRYVPLFFSAVFLCLFAFYLATQIEQWVQLTRAPAPADLYEDQAASLGRP   60  F2N222     F2N222_PSEU6
1    MPLPGKLHSYRRYVPLFFSAVLLCLFAFYLATQIEQWVQLTRAPAPADLYEDQAASLGRP   60  S6LC55     S6LC55_PSEST
1    MPLPGKLHSYRRYVPLFFSAVLLCLFAFYLATQIEQWVQLTRDPAPADLYEDQAANLGRP   60  F8H7B1     F8H7B1_PSEUT
1    MPLPGKLDNYRRYVPLIISTVLLCVFALYLAMQIEQWMNLSRAPTPTDVYEQQAGNLGQP   60  I4CU46     I4CU46_PSEST
1    MPLPGKLRNYRRYAPLIISTVFLCLFGVYLAMQIEQWMSLSRAPAPTDIYEQGSGNLGGP   60  H7F0F1     H7F0F1_PSEST
1    MPLPGKLDNYRRYVPLIISTLLLCVFAVYLAMQIEQWMKLSRAPAPSDIYEQQAGNLGQP   60  M2UMA2     M2UMA2_PSEST
     **********::  *::*: *************** :*********:*************
61   DMQRLEILFGTTAASETYTPTAAASGFTLRGSFVHAEPQRSSAIVQVDGQPPRLYWQGEE  120  A4VKG2     A4VKG2_PSEU5
61   DMQRLEILFGTTAASETYTPTAAASGFTLRGSFVHAEPQRSSAIVQVDGQPPRLYWQGEE  120  F2N222     F2N222_PSEU6
61   DMQRLEILFGTTAASETYTPTAAASGFTLRGSFVHAEPQRSSAIVQVDGQPPRLYWQGEE  120  S6LC55     S6LC55_PSEST
61   DMQRLEILFGTTAASETYTPTAAASGFTLRGSFVHAEPQRSSAIVQVDGQPPRLYWQGEE  120  F8H7B1     F8H7B1_PSEUT
61   DMQRLEILFGSAAPSDSYAPTAAASGFTLRGSFVHMDPQRSSAIVQVDGQPPRLYWQGEE  120  I4CU46     I4CU46_PSEST
61   DMQRLEILFGSAASSDSYASTAAASGFTLRGSFVHREPQRSSAIVQIDGQPPRLYWQGEE  120  H7F0F1     H7F0F1_PSEST
61   DMQRLEILFGSAPPSESYAPTAAASGFTLRGSFVHMDPQRSSAIVQVDGQPPRLYWQGEE  120  M2UMA2     M2UMA2_PSEST
     *:******:*:****** ***:**:*:***********:* ::. ***:  **** ****
121  LSSGVSLHRVFPDRVELLRNGTVEVLHFPQVRSPSYIPDEPADVSYQDEVPYAEPQDEET  180  A4VKG2     A4VKG2_PSEU5
121  LSSGVSLHRVFPDRVELLRNGTVEVLHFPQVRSPSYIPDEPADVSYQDEVPYAEPQDEET  180  F2N222     F2N222_PSEU6
121  LSSGVSLHRVFPDRVELLRNGTVEVLHFPQVRSPSYIPDEPADVSYQDEVPYAEPQDEET  180  S6LC55     S6LC55_PSEST
121  LSSGVSLHRVFPDRVELLRNGTVEVLHFPQVRSPSYIPDEPADVSYQDEVPYAEPQDEET  180  F8H7B1     F8H7B1_PSEUT
121  LASGVSLHRVYPDRVELARNGAVEVLHFPQVRSPSYIPEEMTEAPYQDQPPYAEPPDEET  180  I4CU46     I4CU46_PSEST
121  LASGVSLHRVYPDRVELSRNGTVEILQFPQVRSPSYIPDELTDASYQDESPYAEPPDEET  180  H7F0F1     H7F0F1_PSEST
121  LASGVSLHQVYPDRVELSRNGTVEVLHFPQVRSPSYIPEEMTEAPYQDQPTYAEPPDEET  180  M2UMA2     M2UMA2_PSEST
     * ******************* *:*:**** **:
181  QQMQQQMDALRQQLEEAVNQPDAAPSNDQPMEDD  214  A4VKG2     A4VKG2_PSEU5
181  QQMQQQMDALRQQLEEAVNQPDAAPSNDQPMEDD  214  F2N222     F2N222_PSEU6
181  QQMQQQMDALRQQLEEAVNQPDAAPSNDQPMEDD  214  S6LC55     S6LC55_PSEST
181  QQMQQQMDALRQQLEEAVNQPDATPSNDQPMEDD  214  F8H7B1     F8H7B1_PSEUT
181  QLMQQQMDALRQQLEEAVNQPDAAPANDQPTEDN  214  I4CU46     I4CU46_PSEST
181  QLMQQQMDALRQQLEEAVNQPDASPANDQPMEDD  214  H7F0F1     H7F0F1_PSEST
181  QLMQQQMDALRQQLEEAVNQPGAAPANDQPTEDN  214  M2UMA2     M2UMA2_PSEST
XcpP from P. aeruginosa strains (sub-selection)
                       ******************************************
1    MIPRRSSDITIKTRSDVLPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   60  Q51575     GSPN_PSEAE
1    MIPRRSSDITIKTRSDVLPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   60  A3LD20     A3LD20_PSEAI
1    MIPRRSSDITIKTRSDVLPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   60  K1DRA6     K1DRA6_PSEAI
1    MIPRRSSDITIKTRSDVLPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   60  A3KWD5     A3KWD5_PSEAI
1    MIPRRSSDITIKTRSDVLPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   60  G2UDN5     G2UDN5_PSEAI
1    MIPRRSSDITIKTRSDVLPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   60  K1CL90     K1CL90_PSEAI
1    MIPRRSSDITIKTRSDVLPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   60  K1CIF2     K1CIF2_PSEAI
1    MIPRRSSDITIKTRSDVLPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   60  J7DE17     J7DE17_PSEAI
1    MIPRRSSDITIKTRSDVLPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   60  K1CTN3     K1CTN3_PSEAI
1    MIPRRSSDITIKTRSDVLPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   60  K1DRV5     K1DRV5_PSEAI
1    MIPRRSSDITIKTRSDVLPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   60  Q02PR7     Q02PR7_PSEAB
1    MIPRRSSDITIKTRSDVLPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   60  B7UUW7     B7UUW7_PSEA8
1    -----------------MPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   43  K0YBI1     K0YBI1_PSEAI
1    -----------------MPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   43  N4WFJ9     N4WFJ9_PSEAI
1    -----------------MPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   43  H3SZP6     H3SZP6_PSEAE
1    -----------------MPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   43  I1ALU4     I1ALU4_PSEAI
1    -----------------MPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   43  R8ZAV3     R8ZAV3_PSEAI
1    -----------------MPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   43  M3AAV6     M3AAV6_PSEAI
1    -----------------MPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   43  H3TMU9     H3TMU9_PSEAE
1    -----------------MPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   43  X5ESM6     X5ESM6_PSEAI
1    -----------------MPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   43  M9S3T6     M9S3T6_PSEAI
1    -----------------MPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   43  G2L7X3     G2L7X3_PSEAI
1    -----------------MPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   43  E2ZWJ7     E2ZWJ7_PSEAI
1    -----------------MPFSGASSRWLQRYAPALLAVALIIAMSISLAWQAAGWLRLQR   43  I6SUJ3     I6SUJ3_PSEAI
     ************************************************************
61   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  120  Q51575     GSPN_PSEAE
61   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  120  A3LD20     A3LD20_PSEAI
61   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  120  K1DRA6     K1DRA6_PSEAI
61   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  120  A3KWD5     A3KWD5_PSEAI
61   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  120  G2UDN5     G2UDN5_PSEAI
61   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  120  K1CL90     K1CL90_PSEAI
61   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  120  K1CIF2     K1CIF2_PSEAI
61   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  120  J7DE17     J7DE17_PSEAI
61   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  120  K1CTN3     K1CTN3_PSEAI
61   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  120  K1DRV5     K1DRV5_PSEAI
61   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  120  Q02PR7     Q02PR7_PSEAB
61   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  120  B7UUW7     B7UUW7_PSEA8
44   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  103  K0YBI1     K0YBI1_PSEAI
44   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  103  N4WFJ9     N4WFJ9_PSEAI
44   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  103  H3SZP6     H3SZP6_PSEAE
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44   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  103  I1ALU4     I1ALU4_PSEAI
44   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  103  R8ZAV3     R8ZAV3_PSEAI
44   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  103  M3AAV6     M3AAV6_PSEAI
44   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  103  H3TMU9     H3TMU9_PSEAE
44   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  103  X5ESM6     X5ESM6_PSEAI
44   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  103  M9S3T6     M9S3T6_PSEAI
44   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  103  G2L7X3     G2L7X3_PSEAI
44   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  103  E2ZWJ7     E2ZWJ7_PSEAI
44   SPVAVAASPVSHESIRSDPTRLARLFGTSAQDPNAPPPATNLDLVLKGSFVQSDPKLSSA  103  I6SUJ3     I6SUJ3_PSEAI
     ************************************************** *********
121  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  180  Q51575     GSPN_PSEAE
121  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGELLASADDIT  180  A3LD20     A3LD20_PSEAI
121  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  180  K1DRA6     K1DRA6_PSEAI
121  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  180  A3KWD5     A3KWD5_PSEAI
121  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  180  G2UDN5     G2UDN5_PSEAI
121  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  180  K1CL90     K1CL90_PSEAI
121  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  180  K1CIF2     K1CIF2_PSEAI
121  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  180  J7DE17     J7DE17_PSEAI
121  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  180  K1CTN3     K1CTN3_PSEAI
121  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  180  K1DRV5     K1DRV5_PSEAI
121  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  180  Q02PR7     Q02PR7_PSEAB
121  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  180  B7UUW7     B7UUW7_PSEA8
104  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  163  K0YBI1     K0YBI1_PSEAI
104  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  163  N4WFJ9     N4WFJ9_PSEAI
104  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  163  H3SZP6     H3SZP6_PSEAE
104  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  163  I1ALU4     I1ALU4_PSEAI
104  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  163  R8ZAV3     R8ZAV3_PSEAI
104  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  163  M3AAV6     M3AAV6_PSEAI
104  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  163  H3TMU9     H3TMU9_PSEAE
104  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  163  X5ESM6     X5ESM6_PSEAI
104  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  163  M9S3T6     M9S3T6_PSEAI
104  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  163  G2L7X3     G2L7X3_PSEAI
104  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  163  E2ZWJ7     E2ZWJ7_PSEAI
104  IIQRQGDKPHRYAVGGEISDGVKLHAVYRDRVELQRGGRLESLPFPHRSGGLLASADDIT  163  I6SUJ3     I6SUJ3_PSEAI
     *******************************************************
181  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  235  Q51575     GSPN_PSEAE
181  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  235  A3LD20     A3LD20_PSEAI
181  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  235  K1DRA6     K1DRA6_PSEAI
181  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  235  A3KWD5     A3KWD5_PSEAI
181  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  235  G2UDN5     G2UDN5_PSEAI
181  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  235  K1CL90     K1CL90_PSEAI
181  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  235  K1CIF2     K1CIF2_PSEAI
181  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  235  J7DE17     J7DE17_PSEAI
181  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  235  K1CTN3     K1CTN3_PSEAI
181  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  235  K1DRV5     K1DRV5_PSEAI
181  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  235  Q02PR7     Q02PR7_PSEAB
181  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  235  B7UUW7     B7UUW7_PSEA8
164  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  218  K0YBI1     K0YBI1_PSEAI
164  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  218  N4WFJ9     N4WFJ9_PSEAI
164  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  218  H3SZP6     H3SZP6_PSEAE
164  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  218  I1ALU4     I1ALU4_PSEAI
164  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  218  R8ZAV3     R8ZAV3_PSEAI
164  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  218  M3AAV6     M3AAV6_PSEAI
164  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  218  H3TMU9     H3TMU9_PSEAE
164  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  218  X5ESM6     X5ESM6_PSEAI
164  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  218  M9S3T6     M9S3T6_PSEAI
164  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  218  G2L7X3     G2L7X3_PSEAI
164  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  218  E2ZWJ7     E2ZWJ7_PSEAI
164  SENDSIEQLQSLQDENAAALRERLDALRQQMEATPIAEPAEEDSSEPTTTPTESD  218  I6SUJ3     I6SUJ3_PSEAI
XcpP from P. alcaligenes strains
     **:* *************.*************::**:*:******.*:      :: :**
1    MSSTRTRLPAWLQRHGVTGLCLLVVLLITLSLSKQSIDFLRLLRSEAAPPPAPESIAERQ   60  Q9ZFX9     Q9ZFX9_PSEAC
1    MSATSTRLPAWLQRHGVTALCLLVVLLITLSLTRQSVDLLRLLRSSATTTEPAAALEQRQ   60  U2Z7F5     U2Z7F5_PSEAC
       *: ***:******  * . * ** *:**************:*******:*******:.
61   PLSIQRLQHLFGTPAARPRGDQAAPATRQQMTLLASFVNPDAKRSTAIIQVAGDKPKRIA  120  Q9ZFX9     Q9ZFX9_PSEAC
61   APSLTRLQYLFGTPALPPGSAQNAPPTKQQMTLLASFVNPDAQRSTAIIQIAGDKPKRVG  120  U2Z7F5     U2Z7F5_PSEAC
     **:.:* ****:**::********* ****:***:*****   :*.  **** *******
121  VGESVNVSTRLQAVYQDHVVLDRGGVEESLRFPAVRQPSLT-PAYSALEPTASQLEQLQD  179  Q9ZFX9     Q9ZFX9_PSEAC
121  VGDEINSSTRLHAVHKDHVVLDRGGREESLHFPAIRQPSLMSSTYNPQEPTALQLEQLQD  180  U2Z7F5     U2Z7F5_PSEAC
     ******************* **:***: ****   
180  EDVQALQERIQTLQQRMEG-GDIPQPEIPEAEDSP  213  Q9ZFX9     Q9ZFX9_PSEAC
181  EDVQALQERIQTLQQRMEGEGDMPQPDAPEAE---  212  U2Z7F5     U2Z7F5_PSEAC
XcpP from P. medocina strains
       :*  ** **:***** *****.* ******************.*:*    :** . :*
1    MLLPTSALSQRIKDNAPSLIGMLVLIALSVSLAWQSAELLRLVRGPVQQPLSQTAPNLQQ   60  U1T6X6     U1T6X6_PSEME
1    --MPTPALSQRLKDNAPSLIGMLVLIALSVSLAWQSAELLRLVRGPVQPPTLQTAATPEQ   58  F4DZZ6     F4DZZ6_PSEMN
1    --MPIPALPQRLKDNAPILIGMLALTALSVSLAWQSAELLRLVRSPLQQGAERTASTEQQ   58  A4XWG5     A4XWG5_PSEMY
1    --MPIPALPQRLKDNAPILIGMLALTALSVSLAWQSAELLRLVRSPLQQSAERTASTEQQ   58  J7UJE9     J7UJE9_PSEME
     * *********:**:*********************.*******::**** :****:** 
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61   RAQAPIAQLFGSPREADSGPPPATNLQLTLLGSFVHSDPQRSSAVVQRQGQSAQRYTVGM  120  U1T6X6     U1T6X6_PSEME
59   RAQAPIAQLFGTPRQADSGPPPATNLQLTLLGSFVHNDPQRSSALIQRQGQSAQRYSVGM  118  F4DZZ6     F4DZZ6_PSEMN
59   REQAPIAQLFGTPRQADSGPPPATNLQLTLLGSFVHSDPQRSSAVIQRQGGTAQRYAVGG  118  A4XWG5     A4XWG5_PSEMY
59   REQAPIAQLFGTPRQADSGPPPATNLQLTLLGSFVHSDPQRSSAVIQRQGGTAQRYAVGG  118  J7UJE9     J7UJE9_PSEME
     :**.***********************:**********   * ::  :* ::*******:
121  EVDSGVRLDAVYADRVELLRNGRRESLAFPRQQSGQYSVYTPAEETINDPVEQLDQLDQN  180  U1T6X6     U1T6X6_PSEME
119  DVDNGVRLDAVYADRVELLRNGRRESLTFPRQQSGQYSYTPPAENSPDDSLQQLDQLDQD  178  F4DZZ6     F4DZZ6_PSEMN
119  EVDSGVRLDAVYADRVELLRNGRRESLAFPRQQSGQYSLYTPPDEVSEDPVEQLDQLDQD  178  A4XWG5     A4XWG5_PSEMY
119  EVDSGVRLDAVYADRVELLRNGRRESLAFPRQQSGQYSLYTPPDEVSEDPVEQLDQLDQD  178  J7UJE9     J7UJE9_PSEME
     ********** **********  *:**::* ****
181  NLEQLRQRMQDLREQMEASGTLPEETPADQLMESD  215  U1T6X6     U1T6X6_PSEME
179  NLEQLRQRMQELREQMEASGTPPEETPAEQPMESD  213  F4DZZ6     F4DZZ6_PSEMN
179  NLEQLRQRMQALREQMEASGTLSEDTPSDQPMESD  213  A4XWG5     A4XWG5_PSEMY
179  NLEQLRQRMQALREQMEASGTLSEDTPSDQPMESD  213  J7UJE9     J7UJE9_PSEME
XcpP from P. putida strains
       ::***:**. *******:*******.***: *    .. . ***********  ****
1    MTLASRLFTGAGLTLAGWLAAQCVLQLSRQPQPAMVPATVANPLPGLMVGHWQAPIDDGA   60  T2HB39     T2HB39_PSEPU
1    MSFASRLITGGCLTLAGWLAAQCVLQLGRQPQPASRSPATETQLPGLMVGHWQAHVDDGA   60  Q52290     Q52290_PSEPU
1    MMLTSRLLTGAGLTLAGWLSAQCVLQLSRQPHPATAPAVADSPLPGLMVGHWQAPPDDGA   60  Q88P08     Q88P08_PSEPK
1    -MLTSRLLTGAGLTLAGWLSAQCVLQLSRQPQTATAPAAADSPLPGLMVGHWQAQPDDGA   59  E4R6I4     E4R6I4_PSEPB
     *.******:*****:****::****:** ::********************:*****:**
61   IAITRLPLHYLGGLRAQPLSSSVVVLRYGEQVRTLARGQRLAPGIVLQDIDTDGLIFNNQ  120  T2HB39     T2HB39_PSEPU
61   IVITRLPLHYLGGLKAQPLSASVVVVRYEQQVRTLARGQRLAPGIVLQDIDSDGLIFNNQ  120  Q52290     Q52290_PSEPU
61   ITITRLPLQYLGGLKAQPLAASVVVLRYGEQVRTLARGQRLAPGIVLQDIDSDGLIFNNQ  120  Q88P08     Q88P08_PSEPK
60   IAITRLPLQYLGGLKAQPLASSVVVLRYGEHVRTLARGQRLAPGIVLQDIDSDGLIFDNQ  119  E4R6I4     E4R6I4_PSEPB
     ****************:****
121  GRRERLPWPPRPAVTGFKRQG  141  T2HB39     T2HB39_PSEPU
121  GRRERLPWPPRPAVTGLKRQG  141  Q52290     Q52290_PSEPU
121  GRRERLPWPPRPAVTGFKRQG  141  Q88P08     Q88P08_PSEPK
120  GRRERLPWPPRPAVTGFKRQG  140  E4R6I4     E4R6I4_PSEPB
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Supplemental figure S3.5 - In silico models of the TM helix of XcpP and molecular 
dynamics simulations. (A) Structural model of the L35L36xxA39xxxA43xxxS47 (left) and 
the I41I42xxS45xxxA49 motif (right) of XcpP. In both cases the interface residues are de-
noted. (B) MD simulation of the TM helix dimer. The distance between the centers of 
both helices is given in function of the frames. For simplicity, only run 1 and the pro-
duction run 4 are given (see Experimental Procedures). 
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Chapter 4
Interplay between XcpP and XcpQ from the type II secretion 
system of Pseudomonas aeruginosa via successive 
transient interactions
4.1 ! Abstract
The type II secretion system (T2SS) is a multi-protein assembly spanning the inner and outer 
membrane in Gram-negative bacteria. Secretion via the T2SS occurs in a two-step process 
whereby the exoprotein is first transported to the periplasm, followed by a translocation 
over the outer membrane via a multimeric translocation channel, the secretin. Most proteins 
of this system are located in the inner membrane, such as GspC (XcpP). In the T2SS, called 
Xcp system in Pseudomonas aeruginosa, XcpPC plays an important structural role as it is the 
only inner membrane protein that contacts the outer membrane secretin. It contains a single 
transmembrane domain and a large periplasmic domain, consisting of a homology region 
(HR) domain and a predicted coiled coil (CC) domain. In this contribution we have shown 
that the HR domain of XcpPC from Pseudomonas aeruginosa, is able to interact with the N-
terminal periplasmic domain of the secretin, called XcpQD. Furthermore, by using an 
integrated approach of chemical cross-linking and mass spectrometry, we provided evidence 
that the HR domain binds to two distinct regions of XcpQD: one located near the N0 
subdomain and the other near the N2 subdomain. These interactions sites were further 
validated using Surface Plasmon Resonance and the affinity for both interactions sites was 
determined to be in the micromolar range. In addition, the region of XcpPC between the 
transmembrane helix and the HR domain, called the TM/HR region, might also contribute 
to the XcpPC/XcpQD interaction. Taken together, our findings strongly suggest that XcpPC 
and XcpQD exploit successive transient interaction. Our results also illustrates that chemical 
cross-linking combined with mass spectrometry is a powerful technique to study transient 
interactions.
4.2. ! Introduction
The secretion of macromolecules is integral to the life cycle of bacteria. It is required for a 
number of key activities such as organelle biogenesis, nutrient acquisition, and pathogene-
sis. In Gram-negative bacteria this process is particularly challenging as their cellular enve-
lope exist out of two membranes; an inner membrane (IM) and an outer membrane (OM), 
separated by a periplasmic space (Bleves et al. 2010; Filloux 2011). To overcome these barri-
ers, Gram-negative bacteria have evolved several highly specialized secretory systems, such 
as the type II secretion system (T2SS) (Bleves et al. 2010; Filloux 2011; Gerlach & Hensel 
2007).
Secretion via the T2SS occurs in a two step process whereby the exoprotein is first trans-
ported to the periplasm via the Sec or TAT pathway (Michel & Voulhoux 2009), followed by 
a translocation over the OM using a complex protein machinery composed of 12-15 different 
oligomeric proteins, depending on the host organism. In Pseudomonas aeruginosa, the T2SS 
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encoded by the xcp genes consists of 12 different oligomeric proteins distributed over three 
subassemblies: a periplasmic filamentous pseudopilus, the inner membrane platform, and 
the outer membrane secretin (Campos et al. 2013; Douzi et al. 2012; Korotkov et al. 2012; 
McLaughlin et al. 2012). The latter, called XcpQD, is typically assembled via homo-
oligomerization of 12 subunits and forms a large translocation channel in the outer mem-
brane. Each subunit contains a C-terminal membrane spanning β-rich domain and a peri-
plasmic N-terminal domain which displays a modular build of four subdomains N0, N1, 
N2, and N3 (Bitter et al. 1998; Brok et al. 1999; Genin & Boucher 1994; Korotkov et al. 2013; 
Korotkov et al. 2011a; Korotkov et al. 2009; Van der Meeren et al. 2013). This N-terminal 
quartet of domains is thought to protrude deeply into the periplasm, where it interacts with 
other components of the T2SS system, including exoproteins, the pseudopilus and inner 
membrane platform protein XcpPC (Douzi et al. 2011; Gu et al. 2012; Korotkov et al. 2011b; 
Login et al. 2010; Wang et al. 2012).
XcpPC is a bitopic inner membrane protein with a small N-terminal cytoplasmic domain, a 
single transmembrane helix (TM) and a large C-terminal periplasmic domain, composed of a 
homology region (HR) domain and a coiled-coil (CC) domain (Bleves et al. 1999; Bleves et al. 
1996; Gérard-Vincent et al. 2002; Robert et al. 2005). Interestingly, the CC domain is only pre-
sent in XcpPC from Pseudomonas species, whereas in all other known XcpPC homologues it is 
substituted by a PDZ domain or completely absent in case for example of XphA (Michel et 
al. 2007) or XcpPC form Pseudomonas putida. 
In various T2SSs, the genes encoding GspCP and GspDQ are often located together as part of 
the same operon (Cianciotto 2005; Douzi et al. 2012). This suggests that GspCP and GspDQ 
act in partnership. Indeed, during past several years, direct evidence came available show-
ing that the periplasmic domain of both proteins can interact with each other (Douzi et al. 
2011; Gu et al. 2012; Korotkov et al. 2011b; Korotkov et al. 2006; Login et al. 2010; Wang et al. 
2012). In the case of GspCP/GspDQ from enterotoxigenic Escherichia coli (ETEC) a crystal 
structure is available of the HR domain of GspCP in complex with the N0 subdomain of 
GspDQ (Protein Data Bank (PDB) code 3OSS) (Korotkov et al. 2011b). Central in this inter-
face, the β-strands β1HR and β1N0 interact with each other via β-strand augmentation in an 
anti-parallel arrangement (Korotkov et al. 2011b). In addition to these results in E. coli, GST-
pull down experiments between different fragments of OutCP and OutDQ from D. dadantii 
have led to the delineation of a 20-residue region, called OutCsip (secretin interacting pep-
tide, residues 139-158), that is able to interact in vitro with two different regions of OutDQ, 
one located near the N0 subdomain and another overlapping the N2-N3’ subdomain (Login 
et al. 2010). Furthermore, the N0 subdomain is also able to interact with a second binding 
site located near the TM, in the region between the TM and HR domain, called the TM/HR 
region (Login et al. 2010). Recently, these findings were further supported by an in vivo study 
on OutCP/OutDQ using cysteine scanning mutagenesis and disulphide mapping analysis 
(Wang et al. 2012). Three different OutCP-OutDQ interactions were detected involving two 
sites in HR, two in N0 subdomain and one in the N2 subdomain: (1) β1HR-β1N0 (OutCPG99C/
OutDQF34C), (2) β7HR-β2N0 (OutCPV153C/OutDQT53C) and (3) β7HR-β10N2 (OutCPV153C/
Chapter(4(*(Successive(transient(interactions(between(XcpP*XcpQ
133
OutDQV232C), respectively. Interestingly, none of these three interactions seems to occur 
through static interfaces since the same sites are also involved in homogeneous interactions 
within OutCP or OutDQ proteins. 
In the case of XcpPC/XcpQD from P. aeruginosa, coexpression experiments have shown that 
wild type XcpPC is stabilized when co-expressed with XcpQD, suggesting an interaction be-
tween both proteins (Bleves et al. 1999; Robert et al. 2005). However, only recently Douzi and 
coworkers proved evidence that the periplasmic domain of XcpPC (covering residues 57-235) 
interacts with the periplasmic domain of XcpQD (Douzi et al. 2011). Surprisingly, this interac-
tion was only observed when the XcpQD construct contained the N3 subdomain, contradict-
ing the above findings from the GspCP/GspDQ crystal structure and the OutCP/OutDQ di-
sulphide mapping experiment. Consequently, it has been suggested that XcpPC/XcpQD has 
evolved a different mode of interaction as compared to the outer GspCP/GspDQ pairs 
(Douzi et al. 2012; Korotkov et al. 2012; McLaughlin et al. 2012).
In this contribution we show that the HR domain of XcpPC alone is able to interact with the 
periplasmic domain of XcpQD. Furthermore, using cross-linking combined with the identifi-
cation of the cross-linked peptides via mass spectrometry (CXMS) we were able to delineate 
two binding epitopes for this HR domain on the XcpQD protein; one located near the N0 
subdomain and the other located near the N2 subdomains. We further validated our cross-
linking results with surface plasmon resonance (SPR) experiments and determined the affin-
ity for both interaction sites to be in the micromolar range. In addition to the results obtained 
by CXMS, SPR also indicated that the TM/HR region of XcpPC might contributes to the 
XcpPC/XcpQD binding. Taken together, our findings strongly suggest that both proteins in-
teract via successive transient interaction. Our results also nicely illustrates that chemical 
cross-linking combined with mass spectrometry is a powerful method to study such tran-
sient interactions.
4.3. ! Experimental Procedures
4.3.1. !Expression and purification of recombinant proteins
DNA fragments encoding for the peri-XcpQ fragments XcpQN0N1 (residues 35 - 206; number-
ing according to UniProt #P35818), XcpQN0N2 (residues 35 - 272) and XcpQN0N3 (residues 35 - 
353), or for the peri-XcpP fragments peri-XcpP (residues 59 - 235; numbering according to 
UniProt #Q51575), XcpPHR_CC (residues 85 - 215), XcpPHR (residues 85 - 166), XcpPTM/HR_HR 
(residues 59 - 166), XcpPHR/CC_CC (residues 167 - 235) were amplified by PCR and cloned into 
pET15b+ or a homemade pET-TEV vector. All constructs encoded for an N-terminal His6-tag 
which was cleavable with either thrombin or TEV protease. An overview of used primers is 
given in supplemental table S4.1. 
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For expression, the constructs were introduced into E. coli BL21 (DE3) and grown in LB me-
dium supplied with carbenicillin (Duchefa Biochemie 100 µg/ml) at 37 ºC. Protein expres-
sion was induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG, Duchefa Bio-
chemie Biochemie) when an optical density of 0.6–1.0 at 600 nm (OD600) was reached, fol-
lowed by growth for 5-7 h and harvesting by centrifugation.
All constructs were purified as described before (Van der Meeren et al. 2013). Briefly, the pel-
let was resuspended in buffer (500 mM NaCl, 50 mM Tris-HCl, pH 8.0) in the presence of 
protease inhibitors (Complete®; Roche Applied Science), and the cells were lysed by sonica-
tion on ice. The clarified lysate was subjected to affinity purification using a Ni-NTA column 
(Qiagen). After Ni-NTA and if needed, the His6-tag was removed by thrombin (XcpQN0N2, 
XcpPHR_CC, XcpPHR, XcpPHR/CC_CC) or TEV protease (XcpQN0N1, XcpQN0N3, peri-XcpP). The 
His6-tag from XcpPTM/HR_HR was not removed as non-specific cleavage occurred when using 
thrombin. The cleavage reaction was allowed to continue for ON in the dark at room tem-
perature (RT) until the His-tag was cleaved completely as evaluated by SDS-PAGE. After 
digestion, biotinylated thrombin was removed from the solution by adding streptavidin aga-
rose (Novagen) followed by centrifugation (10 min, 4000 x g) and filtration using a syringe 
filter cap (0.22 µm). TEV protease was removed by reloading the mixture to the Ni-NTA col-
umn (Qiagen) pre-equilibrated with buffer A (50 mM Tris-HCl pH 8, 500 mM NaCl) without 
imidazole and collecting the flow-through. Finally, all soluble samples were subjected to size 
exclusion chromatography (SEC) on a Superdex-75 column (GE Healthcare) equilibrated 
with SEC buffer (150 mM NaCl, 20 mM HEPES pH 8.0). Fractions containing pure protein 
(>95% purity as judged by SDS-PAGE), were pooled and concentrated on a 5,000 MWCO or 
10,000 MWCO Vivaspin 4 column (Sartorius Stedim) and used as further described.
4.3.2. !Engineering and Production of the S210CXcpQN0N3 Cysteine Mutant
Ser210 to Cys210 (S210C) cysteine substitution mutant XcpQN0N3 were engineered as de-
scribed in reference (Van der Meeren et al. 2013) using overlap extension PCR with the 
XcpQN0N3 construct as template. The resulting mutants were expressed and purified as de-
scribed above. To increase the yield of disulfide-linked dimers, the protein was incubated 
with 0.3% (v/v) H2O2 for 30 min before SEC.
4.3.3. !Chemical cross-linking for SDS-PAGE analysis
Twenty microgram of each protein was diluted in buffer (150 mM NaCl, 20 mM HEPES pH 
8.0) to a final volume of 20 µl. To this 1 µl of a freshly made 30% (w/v) paraformaldehyde 
solution (dissolved in 0.5 M HEPES pH 8.0) was added. Alternatively, 1 µl of freshly made 25 
mM BS3 (Bis[sulfosuccinimidyl] suberate, Pierce) cross-linker was used. The sample was in-
cubated for 1 h at room temperature (RT). The reaction was quenched by adding 5 µl of 1 M 
Tris-HCl pH 7.5 and incubated for an other 10 minutes at RT. Finally, 10 µl of Laemmli load-
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ing buffer (2% SDS (w/v), 10% glycerol (v/v), 0.002% bromophenol blue (w/v), and 125 mM 
Tris-HCl, pH 6.8) was added and 15 µl was directly loaded on a 15% SDS-PAGE for analysis. 
For identification of protein bands by peptide mass fingerprinting, appropriate bands were 
cut out and digested with trypsin overnight at 37°C. The peptides were subsequently ex-
tracted, dried, and dissolved in 10 µl 0.1% formic acid. One microliter of the digestion mix-
ture was mixed with an equal volume of matrix solution (3 mg/ml α-cyano-
hydroxycinnamic acid (Sigma), 50% (v/v) acetonitrile, and 0.1% (v/v) trifluoroacetic acid) 
and sub-sequently subjected to mass spectrometric analyses on a 4800 plus TOF/TOF ana-
lyzer (Applied Biosystems).
4.3.4. !Chemical cross-linking for mass spectrometry analysis
XcpQN0N1, XcpQN0N2, XcpQN0N3 and S210CXcpQN0N3, and peri-XcpP protein were mixed in a 
1:1, 1:2, 2:1, 1:0 or 0:1 molar ratio (P:Q) and diluted with buffer (150 mM NaCl, 20 mM 
HEPES pH 8.0) to a final volume of 50 µL. In each case 100 µg of the XcpQ protein was used, 
and the concentration of the peri-XcpP protein was adjusted accordingly. Next, 5 µl of 20 
mM BS3 cross-linker was added (final concentration 2 mM) and incubated for 1 h at RT. 
Finally, the reaction was quenched by adding 5 µl of 1 M Tris-HCl pH 7.5 and incubation for 
15 minutes at RT. 
The protocol for sample preparation and mass spectrometry analysis of cross-linked pep-
tides was adapted from references (Leitner et al. 2012; Leitner et al. 2014). Briefly, 10 µl of 
cross-linked sample was diluted ten times with trypsin digestion buffer (50 mM ammonium 
bicarbonate) and trypsin (Porcine sequencing grade, Promega) was added in an enzyme to 
protein ratio of 1:10 or 1:20. Alternatively, the sample was diluted 10 times in 100 mM Tris 
pH8.0 and 10 mM CaCl2) and chymotrypsin (Sequencing Grade, Promega) was added in the 
same enzyme to protein ratio as for trypsin. In both cases, in solution digestion was allowed 
to continue overnight (~ 20 hours) at 37 ºC (trypsin) or 25 ºC (chymotrypsin). Cross-linked 
peptides were further enriched by size exclusion chromatography using a Superdex Peptide 
PC 3.2/30 column (GE Healthcare) pre-equilibrated with water/acetonitrile/trifluoroacetic 
acid (70:30:0.1). Fractions corresponding to elution volumes of 0.9 to 1.4 ml for trypsin and 
0.9 to 1.6 ml for chymotrypsin were pooled and evaporated to dryness under vacuum. Fi-
nally, the dried peptides were dissolved in 100 µl 0.1% formic acid in Milli-Q water prior 
analysis. 
The digests were analyzed by nano LC-MS/MS using an ultimate Dionex 1200 HPLC at a 
flow rate 300 nL/min. A C18 Acclaim PepMap300 5 #m was used as the trap column 
(Thermo Scientific Dionex), which was followed by a separation procedure on a C18 Acclaim 
PepMap100 3 #m, 75 #m × 250 mm column (Thermo Scientific Dionex). Peptides were 
eluted applying a gradient of acetonitrile with buffer A (0.1% formic acid in water) and 
buffer B (0.1% formic acid in 100% v/v acetonitrile). The gradient went from 2% B to 10% B 
in 10 min, from 10% B to 40% B in 30 min, from 40% B to 80% B in 10 min, and back from 
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80% B to 2% B in 5 min. The column outlet was directly interfaced via a nanoflow elec-
trospray ionization (ESI) source (Advion) to a Fourier transform ion cyclotron resonance 
mass spectrometer (FT-ICR-MS, Thermo Scientific). Data dependent analysis was carried out 
using a resolution of 100,000 followed by ten MS/MS spectra scan depending on abundance. 
MS spectra were acquired over an m/z range from 150-2,000, with a charge filter above or 
equal to 3; MS/MS scans were applied using threshold energy of 35 eV for collision induced 
dissociation (CID). The chemical cross-link data was submitted to the pLink program for 
identification of cross-linked peptides (Yang et al. 2012). The peptide tolerance of 10 ppm, 
false discovery rate in 5% and overall positive hit score cut-off of 0.1 were applied for the 
search. Only the cross-linked hits that were observed at least in two replicates were used for 
further analysis.
4.3.5. Surface plasmon resonance binding studies
Surface plasmon resonance (SPR) binding studies between different periplasmic constructs 
of XcpP and XcpQ were performed on a BIAcore X100 (GE Healthcare) at 25 ºC. In a first ex-
periment, peri-XcpP carrying its N-terminal His6-tag was covalently coupled (EDC/NHS 
cross-linker, Sigma) to a CM5 chip (GE Healthcare) which was first coated with N,N-
bis(carboxymethyl)-L-Lysine hydrate and chelated with Ni2+. About ~1,000 responsive units 
(RU) of peri-XcpP was coupled to one of the channels. Finally the Ni2+ was removed by 
washing with 350 mM EDTA in running buffer (150 mM NaCl, 20 mM HEPES pH 8.0). Next, 
XcpQN0N1 in increasing concentrations (0.55 µM, 2.2 µM, 8.8 µM, 35.1 µM, 140.4 µM) was 
flowed over the chip at an optimized flow rate of 10 µl/min in a single cycle setup with a 
contact time for 120 sec, followed by a dissociation time for 300 sec. SPR studies with 
XcpQN0N2 (0.3 µM, 1.2 µM, 4.7 µM, 18.6 µM, 74.4 µM), XcpQN0N3 (0.2 µM, 0.9 µM, 3.5 µM, 14.1 
µM, 56.3 µM) and peri-XcpP without His6-tag (1.0 µM, 4.0 µM, 1.6 µM, 6.5 µM, 25.9 µM) were 
performed the same way. Bound ligand was washed away by flowing buffer at a rate of 30 
µL/min for 60 min or until baseline has been reached. In the control experiment, XcpQN0N3 
carrying an N-terminal His6-tag was covalently coupled to one of the channels of an CM5 
chip to ~1,000 responsive units (RU) using the same protocol as described above. Increasing 
concentration of peri-XcpP (0.3 µM, 1.3 µM, 6.4 µM, 31.9 µM, 159.3 µM), XcpPHR (0.5 µM, 2.6 
µM, 13.0 µM, 64.6 µM, 323 µM), XcpPTM/HR_HR (0.6 µM, 2.8 µM, 14.0 µM, 70.2 µM, 351 µM) or 
XcpPHR/CC_CC (0.41 µM, 2.0 µM, 10.2 µM, 51.2 µM, 256 µM) were injected over the chip at a 
flow rate of 30 µl/min in a single cycle setup with a contact time for 120 sec, followed by a 
dissociation time for 300 sec. All data was analyzed using steady state affinity and/or kinet-
ics analysis and corresponding KD values were determined. In most cases best fit was ob-
served with heterogeneous ligand analysis strategy. Each experiment was performed at least 
twice and was reproducible. 
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4.3.6. Structure modeling and docking
Structural models of the HR domain of XcpP was obtain by running SWISS-MODEL homol-
ogy modeling online web server using the crystal structure of GspC (26.5% sequence iden-
tity; pdb entry 3OSS) or the trimmed NMR structure of OutC (23.7% sequence identity; cov-
ering residue 95-155; pdb entry 2LNV) as a template (Arnold et al. 2006; Kiefer et al. 2009; 
Guex & Peitsch 1997). With GspC, the calculated model covered residues 99 to 165 and had a 
QMEAN score of 0.756 (Benkert et al. 2011). The OutC template gave a calculated model 
covering residues 83 to 178 and had a lower QMEAN score of 0.358. Hence, for further mod-
eling studies the first model was selected. 
A structural model of the N3 subdomain of XcpQ was calculated the same way, using the 
S210CXcpQN0N2 crystal structure (pdb entry 4E5C) as template. The model aligned with the N2 
subdomain of chain A and covered residues 280 to 353 with a QMEAN score of 0.645 and a 
sequence identity of 23.7%. A model of the XcpQN0N3 dimer was constructed manually based 
on the XcpQN0N2 crystallographic dimer and the obtained model of the N3 subdomain. 
Finally, all missing loops were build in by rerunning SWISS-MODEL using our manual 
model as template. 
4.4 ! Results
4.4.1. !The HR domain alone is able to interact with the periplasmic 
! domain of XcpQN0N2 
Different soluble and stable fragments as well as the complete periplasmic domain of XcpP 
were cloned and purified. An overview of the constructs and proteins used in this study is 
given in figure 4.1A: peri-XcpP (residues 59 - 235; numbering according to UniProt 
#Q51575), XcpPHR_CC (residues 85 - 215), XcpPHR (residues 85 - 166), XcpPTM/HR_HR (residues 
59 - 166), XcpPHR/CC_CC (residues 167 - 235) for XcpP and XcpQN0N1 (residues 35 - 206; num-
bering according to UniProt #P35818), XcpQN0N2 (residues 35 - 272) and XcpQN0N3 (residues 
35 - 353) for XcpQ. The XcpPHR and XcpPTM/HR_HR constructs contain the homology region 
(HR) domain whereas XcpPHR/CC_CC contains only the coiled coil (CC) domain and C-
terminal domain. XcpPHR_CC and peri-XcpP overlap both the HR and CC domain, but 
XcpPHR_CC misses the last 20 C-terminal residues. XcpQN0N1, XcpQN0N2 and XcpQN0N3 con-
tained the first two, three or four subdomains of the periplasmic domain of XcpQ, respec-
tively. For all constructs, except XcpPTM/HR_HR the N-terminal His6-tag was removed, unless 
otherwise noted. 
To determine which region of XcpP is able to interact with the N-terminal domain of XcpQ, 
we applied chemical cross-linking between XcpQN0N2 and the different purified constructs of 
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XcpP using the zero-length cross-linker paraformaldehyde followed by SDS-PAGE analysis 
(Fig. 4.1B). Except for XcpPHR/CC_CC, which contained only the CC domain, bands corre-
sponding to an XcpP-XcpQ complex was observed for all constructs of XcpP, as validated by 
peptide mass fingerprinting with MALDI (Fig. 4.1B, black arrow head). The mass of the 
complex bands roughly correspond to a 1:1 interaction between XcpP:XcpQ molecules. No 
cross-linked species corresponding to an XcpP:XcpQ complex were observed for XcpPHR/
CC_CC, which lacks the HR domain. These results clearly indicate that the HR domain of XcpP 
alone is sufficient to interact with XcpQ.
4.4.2. !The N3 domain is not necessary for the interaction between 
! peri-XcpP and the periplasmic domain of XcpQ
To map the interaction site onto the periplasmic domain of XcpQ, we performed cross-
linking studies between peri-XcpP and different soluble constructs of the periplasmic do-
main of XcpQ, namely XcpQN0N1, XcpQN0N2 and XcpQN0N3 (Fig. 4.1C). Cross-linked 
XcpP:XcpQ complex was observed for all three XcpQ constructs (Fig. 4.1C, black arrow 
head). This suggest that the N3 domain is not needed for the interaction between 
XcpP:XcpQ. Same results were obtained when using BS3 as cross-linker. Combined these 
cross-linking results suggest that peri-XcpP either interacts with the N0 or N1 subdomain. 
In both cross-linking experiments, peri-XcpP, XcpPHR and XcpPHR_CC as well as XcpQN0N2 
and XcpQN0N3 show the tendency for self-association (Fig. 4.1B, lanes 3, 5 and 6 and Fig. 1C, 
lanes 7 and 9). In the case of XcpPHR, bands corresponding to monomer up to pentamer are 
visible (Fig. 4.1B, lane 3). In contrast, peri-XcpP and XcpPHR_CC only showed bands corre-
sponding to dimers and possibly tetramers and some higher order species (Fig. 4.1B, lane 5 
and Fig. 4.1C, lane 4). For XcpQN0N2, bands corresponding to probably dimers and tetramers 
can be distinguished (Fig. 4.1C, lane 7), while for XcpQN0N3 bands corresponding to dimers, 
trimers and tetramers can be observed (Fig. 4.1C, lane 9). Moreover, for both protein con-
structs, XcpQN0N2 and XcpQN0N3, a thick band on top of the gel is observed, corresponding to 
higher order multimers (Fig. 4.1B and Fig. 4.1C, white triangle). Remarkably, in contrast to 
XcpQN0N2 and XcpQN0N3, XcpQN0N1 does not show tendency to form higher oligomeric spe-
cies, at least in the limits of this experiment. Even further, cross-linked species of XcpQN0N1 
migrated lower on an SDS-PAGE gel compared to non-cross-linked XcpQN0N1 when para-
formaldehyde was used (Fig. 4.1C, compare lane C1 with lane 4), presumably because of a 
more compact shape. This effect was not observed when BS3 was used as cross-linker, re-
flecting the size difference between both cross-linkers.
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4.4.3. !The HR domain of XcpP cross-links to two distinct sites of XcpQ
To investigate in more detail which regions of peri-XcpQ are involved in the binding of the 
peri-XcpP, chemical cross-linking was combined with identification of the cross-linked pep-
tides by mass spectrometry. Using the water soluble, amine-reactive BS3 cross-linker (Fig. 
4.2A), primary amine groups are targeted such as those on lysine residues or the protein N-
terminus. BS3 is able to bridge 11.4 Å between the amine groups, which corresponds to an 
effective cross-linking distance between two lysine Cα-atoms of about 5-30 Å, with ~12-15 Å 
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Figure 4.1 - (A) Overview of constructs from XcpQ and XcpP used in this study. For 
both protein a schematic representation of the full-length protein is given above with 
the designation of the different (sub)domains and regions. * 18 = alternative start-
codon of XcpPfl. (B) Cross-linking between XcpQN0N2 against different constructs of 
the periplasmic domain of XcpP. C = non-cross-linked control of XcpPHR, XcpPHR_CC/
CC, XcpPHR_CC and XcpQN0N2. Black arrow head, XcpP:XcpQ complex (1:1 ratio). White 
triangle, higher order multimers. (C) Cross-linking of peri-XcpP against different con-
structs of the periplasmic domain of XcpQ using formaldehyde cross-linker (top) or 
BS3 cross-linker (bottom). C1 and C2 = non-cross-linked control of XcpQN0N1, 
XcpQN0N2 and XcpQN0N3, and peri-XcpP, respectively.  Black arrow head, XcpP:XcpQ 
complex (1:1 ratio). With triangle, higher order multimers.
being the most prevalent distance (Leitner et al. 2012; Yang et al. 2012; Zheng et al. 2011). 
Furthermore, the cross-linked samples were digested using trypsin or chymotrypsin and 
cross-linked peptides were enriched by gel filtration chromatography on a Superdex peptide 
3.2/30 column. Finally, the samples were analyzed on a LTQ-FT Fourier Transform ion cy-
clotron resonance mass spectrometer (FT-ICR-MS, Thermo).
Peri-XcpP and the XcpQ constructs were submitted to cross-linking alone or as a combina-
tion. Four different constructs of XcpQ were tested: XcpQN0N1, XcpQN0N2, XcpQN0N3 and the 
obligate dimer S210CXcpQN0N3. An overview of the cross-linked peptides is given in table 4.1. 
The same cross-linked peptides were observed for all four XcpQ constructs (collectively 
called peri-XcpQ), on the sole condition that the specific lysine residue is present. Cross-links 
involving the N-terminus of peri-XcpP are not representative for a functional interaction and 
were therefore not considered. 
In peri-XcpP, four lysine residues are present: Lys107HR, Lys116HR, Lys128HR and Lys143HR. 
Based on sequence alignments and homology structure prediction (see further) all of them 
are located in the HR domain. When peri-XcpP alone was incubated with BS3, all lysine 
residues, except Lys107HR, were found to be cross-linked mutually. In addition, two intermo-
lecular cross-linked peptides are found: Lys128HR-Lys128HR and Lys143HR-Lys143HR.
In the case of peri-XcpQ, nine lysine residues are present throughout the four subdomains: 
N0 subdomain (Lys58N0, Lys84N0, Lys92N0 and Lys131N0), N1 subdomain (Lys204N1), N2 
subdomain (Lys236N2 and Lys263N2) and N3 subdomain (Lys292N3 and Lys306N3). Except for 
Lys93N0 and Lys306N3, all lysine residues were retrieved in the cross-linked experiment being 
cross-linked within one or between two peri-XcpQ molecules. One prevalent cross-linking is 
the cross-link between Lys84 (near β2N0) and Lys131N0 (in the flexible loop between β5N0 and 
β6N1), which was observed for all XcpQ constructs. Furthermore, also Lys236N2 (in the loop 
between α5N2 and β10N2) and Lys263N2 (α6N2) were found to be cross-linked in all XcpQ con-
structs, except for XcpQN0N1 which obviously does not contain these lysine residues. Interest-
ingly, both lysine residues were also involved in intermolecular cross-linking (Lys236N2-
Lys236N2 and Lys263N2-Lys263N2). Also Lys131N0-Lys131N0 seems be present, but apparently 
only in combination with the S210C mutant. Next, Lys292 of the N3 subdomain cross-linked 
with both Lys263N2 of the N2 subdomain and Lys204N1 of the N1 subdomain, indicating that 
the N3 subdomain probably interacts with the N2 subdomain.
When peri-XcpQ was incubated with peri-XcpP, five additional cross-linked peptides were 
observed (Table 4.1). These cross-linked peptides could be mapped to two different subdo-
mains of peri-XcpQ, namely N0 (Lys84N0-Lys128HR and Lys58N0-Lys107HR) and N2 (Lys236N2-
Lys128HR and Lys263N2-Lys128HR). Furthermore, the cross-linked peptides involving the N0 
subdomain are also observed with XcpQN0N1, in absence of the N2 or N3 subdomain. MSMS 
spectra of these cross-linked peptides are given in supplemental figure S4.1.
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4.4.4. !Both interaction sites of XcpQ show a different affinity towards 
! peri-XcpP
To validate the results from chemical cross-linking, we turned to SPR to determine the bind-
ing affinity of the different peri-XcpQ constructs towards peri-XcpP. We have applied a sin-
gle cycle setup in which increasing concentrations of the ligand were injected. Two different 
setups were tested. In a first experiment, peri-XcpP was covalently coupled to the CM5 chip 
and different constructs of peri-XcpQ or peri-XcpP itself were injected as a ligand. In the 
control experiment, XcpQN0N3 was coupled to the chip and peri-XcpP, XcpPHR, XcpPTM/HR_HR 
or XcpPHR/CC_CC were injected over the chip. If possible, data was analyzed using steady 
state affinity analysis and the resulting KD values were determined. Alternatively, kinetic 
analysis was performed using a heterogeneous ligand or 1:1 model to determine the associa-
tion and dissociation constants. An overview of the SPR results is given in table 4.2. The raw 
data and curve fittings are given in supplemental figure S4.2. In the case of heterogeneous 
ligand model, the KD value is reported as an interval. All reported KD values, except for 
XcpPHR/CC_CC, were in the low micro molar range. Strikingly, when the N2 or N3 subdo-
mains are present, the affinity towards peri-XcpP is, at least for one of the interaction sites of 
the heterogeneous model, about 25 orders (~5-10 fold for steady state) of magnitude higher 
(compare XcpQN0N1 with XcpQN0N2 or XcpQN0N3). Similar KD values were observed in the 
control experiment whereby XcpQN0N3 is covalently coupled to the chip. Interestingly, the 
isolated HR domain (XcpPHR) shows a ~7 fold (Steady State analysis) lower affinity towards 
XcpQN0N3 compared to peri-XcpP and XcpPTM/HR_HR (compare XcpPHR with peri-XcpP and 
XcpPTM/HR_HR). We also want to note here that, using the kinetic analysis for the interaction 
between peri-XcpP and XcpQN0N2 and XcpQN0N3, the upper limit of the interval is about 10 
times higher in the case of XcpN0N2 than compared to XcpQN0N3 (188 µM vs. 19.3 µM). Finally, 
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Table&4.2&*&Overview&of&dissociation& constants&determined&by&surface&plasmon&resonance.&All(val*
ues(are (in(CM.(ND(=(Not(Determined.(a>Kinetic(analysis:(KD(determined(by(heterogeneous(model(are(
given(as(an( interval.(SS(=(Steady( state (aﬃnity( analysis(was(only(applied(when(appropriate(and( the (
total(aﬃnity(KD> is (given.(b> In(case (of(XcpQN0N1,(best(ﬁt(was(found(with( a (1:1(model:(KD( ~(41.4(CM.(
However, (when(the (data (of( the (highest( concentration(was(removed,(the(ﬁt(was(even(beVer(with(a (KD(
of(~10.0(CM.(c( =(2.5(mM,(XcpPHR/CC_CC>gave (a(very(low(signal(on(SPR.(Kinetic(parameters(were (close (to(
the(detection(range(of(the(machine.(Fit(was(beVer(when(the(highest(concentration(was(removed.
Coupled AnalysisMethoda XcpQ
N0N1 XcpQN0N2 XcpQN0N3 peri@XcpP XcpPHR XcpPTM/HR_HR XcpPHR/CC_CC
peri@XcpP Kinetic 10.0b 0.41188 0.4119.3 ND ND ND ND
SS ND 4.4>±>1.5 2.3>±>0.9 16>±>10 ND ND ND
XcpQN0N3 Kinetic ND ND ND 0.311.2 29144 0.112.4 2500c
SS ND ND ND 4.6>±>0.9 28.3>±>4.5 5.3>±>2.5 ND
we also determined the mutual affinity between peri-XcpP molecules as 16 ± 10 µM and the 
affinity between XcpPHR/CC_CC and XcpQN0N3 as ~ 2.5 mM. 
4.4.5. !Mapping of cross-linked peptides on the XcpPHR and XcpQN0N3 
! structure models
No structural data is available for peri-XcpP. Therefore a homology model for the HR do-
main was predicted that scored a high QMEAN of 0.756, using the Swiss-Model server. The 
QMEAN score (between 0 and 1) is a scoring function which is able to derive both global 
(for the entire structure) and local (per residue) error estimates on the basis of one single 
model (Benkert et al. 2011). In our homology model the conserved hydrophobic residues are 
buried inside of the seven stranded β-sandwich, as observed for the crystal structure of 
GspCHR and the solution structure of OutCHR (Gu et al. 2012; Korotkov et al. 2011b). As men-
tioned above, this HR domain contains all lysine residues present in peri-XcpP with 
Lys107HR, Lys128HR and Lys143HR located on β1, β3 and β5, respectively and Lys116HR lo-
cated on a loop between β1 and β2. A dimeric atomic structure is available for XcpQN0N2 
(Van der Meeren et al. 2013). To model a dimeric model of XcpQN0N3, the N3 subdomain 
structure was first predicted by homology modeling using the N2 subdomain as template 
(QMEAN score 0.645) and added manually to the XcpQN0N2 dimeric crystal structure, bear-
ing in mind that Lys292N3-Lys263N2 and Lys292N3-Lys204N1 need to be able to form a cross-
link bridge. Based on the distance limits of the cross-linker, this is only possible when the N3 
subdomain folds back onto the N2 subdomain, burying a N2:N3 interface, similar to the 
N1:N2 interface observed in the XcpQN0N2 crystal structure. Missing loops were predicted by 
rerunning Swiss-Model server. 
Next, the cross-linking results were mapped using the obtained three-dimensional structures 
of the XcpQN0N3 dimer and the XcpPHR domain (Fig. 4.2B). In the case of peri-XcpP, two 
inter-molecular cross-links were observed: Lys128HR-Lys128HR and Lys143HR-Lys143HR. All 
other observed cross-links of peri-XcpP lie within the distance limit of the cross-linker. 
Hence, we cannot distinguish between inter- or intra-molecular cross-links. Likewise, in the 
case of XcpQN0N3, most of the observed cross-linked peptides could be mapped upon the 
XcpQN0N3 in the monomeric or dimeric context (Fig. 4.2C). Obviously, Lys131N0, Lys236N2, 
Lys263N2 are involved in inter-molecular cross-linking with the same residue on the other 
monomer (Lys131N0-Lys131N0, Lys236N2-Lys236N2 and Lys263N2-Lys263N2). For simplicity, in 
figure 4.2C only the intra-molecular cross-links and the three inter-molecular cross-links are 
given. 
Five additional cross-linked peptides were observed, when peri-XcpP and the different con-
structs of XcpQ were combined, involving lysine residues on two different subdomains (Fig. 
4.3A). Moreover, the same Lys128HR residue is involved in cross-linking with both the N0 
subdomain (Lys128HR-Lys84N0 and Lys128HR-Lys131N0) and the N2 subdomain (Lys128HR-
Lys236N2 and Lys128HR-Lys263N2). Considering the distance limitation of the BS3 cross-
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linker, it is sterically impossible for peri-XcpP to cross-link to both subdomains simultane-
ously, even if the XcpPHR domain would bind to the N1 subdomain or when the elongated 
version of XcpQN0N2 was used, analogous to the GspD crystal structure (pdb entry 3EZJ) (re-
sults not shown). 
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Figure 4.2 - Mapping of the intra- and inter-molecular cross-links on peri-XcpP and 
XcpQN0N3 individually. (A) Schematic representation of the cross-linking reaction of 
BS3, targeting primary amine groups of the protein (lysine residues and the N-
terminus). (B) Left, model of the HR domain of peri-XcpP and the cross-linked lysine 
residues. Right,  schematic overview of the intra- and inter-molecular cross-links in-
volving peri-XcpP. MSMS spectrum of Lys143HR-Lys143HR is given. (C) Left, dimeric 
model of XcpQN0N3 and the cross-linked lysine residues. Right, schematic overview of 
the intra- and inter-molecular cross-links. MSMS spectra of Lys236N2-Lys263N2 and 
Lys263N2-Lys263N2 are given. The Cα-atoms of the lysine residues are denoted as red 
spheres.
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In attempts to dock the HR domain of peri-XcpP to the N0 subdomain, we tested if one of 
the previous observed interfaces of the OutC/OutD pair or the GspC/GspD crystal struc-
ture, namely β1HR-β1N0 and β7HR-β2N0, are plausible. In the case of β1HR-β1N0, both β-strands 
have an anti-parallel orientation, bringing Lys107HR and Lys128HR in the proximity of 
Lys58N0 and Lys84N0, respectively (Fig. 4.3B, left panel). Thus, our cross-linking data is 
compatible with the β1HR-β1N0 of interaction. In addition, also the of β7HR and β2N0 mode of 
interaction is possible, but only when both β-strand have a parallel orientation (Fig. 4.3B, 
right panel). However, in this interaction mode, Lys107HR and Lys58N0 have a less favorable 
orientation than in the case of β1HR-β1N0. We also want to note here, that in both cases 
Lys128HR-Lys131N0 are in the distance limits of the cross-linker. 
In the case of the N2 subdomain, the only observed binding mode observed in the OutC/
OutD pair is β7HR-β10N2 (Wang et al. 2012). Taken the distance limitation into account, the 
most favorable orientation of the β-strands would probably be when both β-strands have an 
anti-parallel orientation (Fig. 4.3C). Indeed, in the parallel orientation the formation of 
Lys128HR-Lys263N2 cross-link is probably sterically hampered by the α5N2 helix. Moreover, in 
this orientation and based on our model, Lys128HR is about 38 Å away from Lys236N2. How-
ever, we want to note that Lys236N2 resides on a loop, which probably displays high flexibil-
ity.
In the crystal structure of XcpQN0N2 from Pseudomonas species extra N-terminal residues are 
observed, probably forming an extra β-strand (previously called β0) (Van der Meeren et al. 
2013). It is thus possible that the β1HR interacts with β0N0 and not with β1N0. Alternatively, 
β0N0 can move aside permitting a β1HR-β1N0 interaction. The fact that β0 was so badly re-
solved in the crystal structure surely favors the latter hypothesis. A XcpQDN0N2 construct 
lacking these first 16 residues, was not stable when the His6-tag was removed (results not 
shown). Nevertheless, even in the β1HR-β0N0 mode of interaction, the Lys107HR-Lys58N0 and 
Lys128HR-Lys84N0 cross-links would still be plausible, however only within a parallel orien-
tation of both β-strands (Supplemental Fig. S4.3).
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Figure 4.3 - Mapping of the intermolecular cross-links between peri-XcpP and 
XcpQN0N3. Five cross-linked peptides were observed, mapping to two different sub-
domains of XcpQN0N3.  (A) Structure and schematic representation of the inter molecu-
lar cross-linked lysine residues, mapped upon the dimeric model of XcpQN0N3 and the 
model of the HR domain of XcpP. The MSMS spectra of four of the five cross-linked 
peptides is given. (B) Zoom on the two interaction modes of the N0 subdomain. In the 
left panel the β1HR-β1N0 interaction,  right panel the β7HR-β2N0 interaction. Note that 
β1HR-β1N0 has a more optimal geometry for the cross-linking. (C) Zoom on the two 
interaction modes of the N2 subdomain. Left: parallel organization of the β7HR-β10N2. 
Right: anti-parallel organization of β7HR-β10N2. Although both are plausible,  geometry 
is more optimal in the parallel orientation. For simplicity,  only one monomer is shown 
in (B) and (C). To model the β1HR-β1N0 interaction, the residues corresponding to β0 
were removed. The Cα-atoms of the lysine residues are denoted as red spheres.
4.5. ! Discussion
For a long time, it has been proposed that GspCP and GspDQ interact with each other in the 
periplasmic space of a functional type II secretion system. Although this interaction is char-
acterized in other systems such as Gsp (E. coli ETEC) and Out (D. dadantii), in the Xcp system 
of Pseudomonas aeruginosa the XcpPC-XcpQD interaction mode remains obscure. Moreover, a 
recent Ni-pulldown experiment between using a His6-tagged peri-XcpP variant, clearly indi-
cated the need for all four (N0, N1, N2 and N3) subdomains of XcpQD (Douzi et al. 2011). 
This contradicts results observed in the Gsp and Out system from enterotoxigenic E. coli 
(ETEC) and D. dadantii, respectively (Gu et al. 2012; Korotkov et al. 2011b; Login et al. 2010; 
Wang et al. 2012). Consequently, it has been suggested that XcpPC/XcpQD has evolved a dif-
ferent mode of interaction as compared to the outer GspCP/GspDQ pairs (Douzi et al. 2012; 
Korotkov et al. 2012; McLaughlin et al. 2012). 
In this contribution, we have investigated the interaction between XcpPC and XcpQD by ap-
plying a combined approach of chemical cross-linking followed by the identification of the 
cross-linked peptides by mass spectrometry. Using different soluble constructs of both pro-
teins (Fig. 4.1A), we were able to delineate two distinct regions on the periplasmic domain of 
XcpQD that interact with the HR domain of XcpPC: one located near the N0 subdomain 
(Lys128HR-Lys84N0, Lys107HR-Lys58N0 and Lys128HR-Lys131N0) and one located near the N2 
subdomain (Lys128HR-Lys236N2 and Lys128HR-Lys263N2). The obtained results were further 
validated by SPR binding studies (Table 4.2). Notably, our SPR results correspond well to 
the SPR results reported by Douzi et al. and coworkers (Douzi et al. 2011). In the latter, the 
interaction between peri-XcpPC (covering residues 57-235) and XcpQDN0N3 (covering residues 
35 -357) was quantified as ~3.6 µM. 
When the TM/HR region (i.e. the region between the TM helix and the HR domain) is pre-
sent, such as in the constructs peri-XcpP and XcpPCTM/HR_HR, the affinity towards XcpQDN0N3 
is about 7-fold better (4.6 ± 0.9 µM and 5.3 ± 2.5 µM, respectively). This increased affinity to-
wards constructs containing the TM/HR might indicate an extra possible binding site inside 
the TM/HR region. This would be in accordance to the observation in the OutCP/OutDQ, 
where the N0 subdomain of OutDQ interacts with a second binding site near the TM helix of 
OutCP (Login et al. 2010). In contrast, the construct XcpPCHR/CC_CC, containing only the (pre-
dicted) CC domain and the final C-terminal residues, did not cross-link to XcpQDN0N2 (Fig. 
4.1B). However, cross-linking largely depends on the presence favorably placed amine 
groups. In the case of XcpPCHR/CC_CC, except for the construct N-terminus, no free amine 
groups (no lysine residues) are present in this construct. Therefore we cannot exclude that 
the CC or the C-terminus are not involved in the interaction. Nonetheless, the low affinity 
between XcpPCHR/CC_CC and XcpQDN0N3observed in the SPR experiment (KD ~ 2.5 mM), 
probably indicates that the CC domain does not interact with the N-terminal region of XcpQ, 
at least in vitro, which is similar to the observation for the PDZ domain of EpsCP from Vibrio 
vulnificus (Korotkov et al. 2006).
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The affinity of peri-XcpPC towards XcpQDN0N1 is lower than compared to XcpQDN0N2 and/or 
XcpQDN0N3 (Table 4.2). This might indicate that the interaction site near the N0 subdomain 
has a lower affinity compared to the interaction site observed at the N2 subdomain. In this 
regard, the SPR data for XcpQDN0N2 and XcpQDN0N3 was best fitted using the heterogeneous 
ligand model (in contrast to 1:1 binding for XcpQDN0N1) and two binding affinities were ob-
served (0.4 µM vs 19.3 - 188 µM). Alternatively, the extra stabilizing interaction between 
XcpQD and the TM/HR region might contribute to the higher affinity observed when the N2 
or N3 subdomains are present. 
Next, our cross-linking results were compared to the observed interaction modes in the 
OutCP/OutDQ or GspCP/GspDQ complexes. Both β1HR-β1N0 in an anti-parallel organization 
and β7HR-β2N0 in a parallel organization seem to agree with our CXMS data. Thus, using 
chemical cross-linking we cannot distinguish between both interaction sites. However, in a 
β1HR-β1N0 mode of binding, the lysine residues have a more favorable geometry for cross-
linking. In the case of the N2 subdomain β7HR-β10N2 is probably only possible in an anti-
parallel organization. However, also other mode of interaction might explain these cross-
linking observations, for example involving other β-strands or specific interactions with the 
N3 subdomain (see further). Finally, also when the obligate dimeric protein S210CXcpQDN0N3 
was used, cross-links from both interaction sites were observed. This indicates that the peri-
XcpPC molecule binds to the “outside” of the XcpQD dimer and hence does not disturb the 
dimeric interface. This suggests that our proposed interaction modes presented here make 
sense.
We are still left to wonder why Douzi and coworkers only captured an interaction between 
the soluble domains of XcpPC and XcpQD when the N3 subdomain was present, especially 
as we have exploited the same experimental approach using surface plasmon resonance 
(SPR) (Douzi et al. 2011). However, there is a striking difference in how peri-XcpPC was cou-
pled to the CM5 chip. In the case of Douzi and coworkers, peri-XcpP was bound to the chip 
using an anti-penta-His antibody. In our case, we first coated the CM5 chip with N,N-
bis(carboxymethyl)-L-Lysine and chelated the matrix with N2+ ions before covalently cou-
pling peri-XcpPC using the EDC/NHS cross-linker, presumably via its N-terminal primary 
amine group. Possibly, the bulky antibody prevented appropriate binding of XcpQDN0N1 or 
XcpQDN0N2 in the case of Douzi and coworkers. Alternatively, peri-XcpPC bound to antibody 
might induce a dimeric state of peri-XcpPC (Lallemand et al. 2013; Login & Shevchik 2006), 
which favors only the binding XcpQDN0N3 and not XcpQDN0N1 or XcpQDN0N2. In our case, 
peri-XcpPC might be more loosely bound to the chip, making interactions to XcpQDN0N1 and 
XcpQDN0N2 possible. Another possibility is the presence of the N3 subdomain is needed to 
stabilize the N0 and/or N2 interaction sites, for example by reducing the N2 subdomain 
flexibility. In this regard, we want to note that XcpQDN0N2 and XcpQDN0N3 do show a different 
kinetic behavior, especially in the at one of the interaction sites (about 10 fold difference; 19.3 
µM and 188 µM for XcpQDN0N3 and XcpQDN0N2, respectively) (Table 4.2). This difference 
might explain why the interaction with XcpQDN0N2 was missed in the Ni-pull down experi-
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ment (Douzi et al. 2011). Alternatively, the N3 subdomain might present additional binding 
places, which are recognized by other parts of peri-XcpPC distant from the HR domain. 
Given that the affinities between the different interaction sites of XcpQD lies in the micromo-
lar range and that the same lysine residues are also observed in other cross-linked peptides 
within and between XcpPC or XcpQD molecules alone, this might suggest that observed 
XcpPC-XcpQD interactions have a rather transient nature, as was also proposed for OutCP-
OutDQ (Wang et al. 2012). Moreover, it is possible that the two observed binding epitopes are 
bound successively. In this regard, XcpPC, residing in the IM, first contacts XcpQD via inter-
actions with the N0 subdomain, followed by a conformational change of both proteins and a 
translation of the HR domain from XcpPC towards the N2 subdomain. This interaction might 
be further stabilized by additional interactions of the N0 subdomain with the TM/HR region 
of XcpPC. As it has been shown that the N-terminal domain of XcpQD can form dimers (Van 
der Meeren et al. 2013), it is possible that one of the two binding events triggers the XcpQD 
to undergo a conformational change in which its oligomeric states changes from a C12 
symmetry (monomers, or elongated state) to a C6 symmetry (dimers, or compact state) as 
was also proposed in references (Huysmans et al. 2013; Korotkov et al. 2013). Furthermore, 
this conformational change might also be linked to the opening and closing of the secretin 
channel. Nonetheless, more elaborated studies are needed to elucidate the underlying archi-
tecture and the residues involved in these interactions.
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Supplemental Table S4.1 - Overview of primers
Primer name 5’ —> 3’ sequence
HR_FW CATATGCTCTTCGGCACCAGCGCCCAG
HR_RV GGATCCTTATCACGGGAAGGGCAGGC
TM/HR_HR_FW CATATGCAACGCAGCCCGGTAGC
TM/HR_HR_RV GGATCCTTATCACGGGAAGGGCAGGC
HR/CC_CC_FW CATATGCACCGTTCCGGGGGACTGC
HR/CC_CC_RV GGATCCTTATCAGTCGCTTTCCGTAGGCG
peri-XcpP_FW CATATGCAACGCAGCCCGGTAGC
peri-XcpP_RV GGATCCTTATCAGTCGCTTTCCGTAGGCG
XcpQN0N1_FW ATCGCCATATGGAAAACAGCGGCGGGAACG
XcpQN0N1_RV ATTTGGGATCCTTATCACTTCTGGTCGAGCTGGCGG
XcpQN0N2_FW CATATGGAAAACAGCGGCGGGAACGCCTTCGTCCC
XcpQN0N2_RV GGATCCTTATCAGTCCAGCGATTGCGC
XcpQN0N3_FW CATATGGAAAACAGCGGCGGGAACGCCTTCGTCCC
XcpQN0N3_RV GGATCCTTATCACTGGCGAACGATGTCTTCGAGAGC
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Supplemental*ﬁgure*S4.1*1*MSMS*spectra*of*the*ﬁve*XcpP1XcpQ*cross1linked*pep1
tides.*Spectra*generated*by*pLink.*
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Supplemental* ﬁgure* S4.2* 1* Raw* data* SPR* with* the* steady* state* aﬃnity* analysis*
(red)* or*kinetic*analysis* (green)*and*corresponding*dissociation* constants.*In* each*
case * the * protein* coupled* to* the * CM5* chip* is* indicated.* For* peri,XcpP* (chip)* +*
XcpQN0N1*and*XcpQN0N3*(chip)*+*XcpPHR/CC_CC, *no*equilibrium*was*reached*and*hence*
no*steady*state *analysis*was*possible.*Likewise,*no*reliable*kinetic*analysis*parameters*
could*be*derived*for*peri,XcpP*(chip)*+*peri,XcpP.*SS*=*steady*state*analysis, *Kin*=*Ki,
netic*analysis.*KD*=*dissociation*constant
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Supplemental*ﬁgure*S4.3*1*Modeling*of* the*β1HR1β0N0*mode*of*interaction.*Only*in*
the *parallel*orientation*Lys128HR* is*ideally*placed*for*the*cross,linking*with*Lys84N0.*
In* anti,parallel* orientation,* the* second* β,sheet* of* the *HR* domain* clashes*with* α1,
helix. *Moreover,* cross,linking* between* Lys128HR* and* Lys84N0* is*probably* sterically*
hampered,*and*the*distance*between*Lys128HR*and*Lys131N0*is*too*big.**
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Chapter 5
General Conclusion and Perspectives
5.1. ! Towards a new working paradigm of the type II 
! secretion system
In Pseudomonas aeruginosa, the type II secretion system is able to secrete a large variety of 
exoproteins, which contribute a lot to the virulence of the pathogen (Table 1.2). However, 
despite the wealth of information available, the exact functioning of the system remains en-
igmatic. Especially the mutual stoichiometry and relative arrangement of the different com-
ponents of the system is still one of the most intriguing questions in the field. With the work 
described in this thesis we have tried to answer some of these questions, with a focus on the 
structural and functional characterization of two central T2SS proteins: XcpPC and XcpQD. 
In chapter 2, we have given more insights in the assembly of the outer membrane secretin 
XcpQD from Pseudomonas aeruginosa. Based on structural, biochemical and disulphide analy-
sis we have convincingly shown that the dodecameric channel can adopt a “hexamer-of-
dimers” configuration, both in vivo and in vitro. These results have been published already in 
the beginning of the year 2013 (Van der Meeren et al. 2013). Our finding challenged (or still 
challenges) the generally adopted theory about the assembly of the secretin, in which secre-
tins are build as a “dodecamer-of-monomers”. Nonetheless, similar “hexamer-of-dimers” 
configurations have been proposed in other studies, especially the one on the OutCP/OutDQ 
system by Wang X. and coworkers (Wang et al. 2012). However, two studies published after 
our publication, presented results that were (again) in contrast to our findings (Huysmans et 
al. 2013; Korotkov et al. 2013). In the first study by Korotkov K.V. and coworkers, a crystal 
structure of the N0 subdomain forming a dodecameric ring-like structure, was presented. In 
fact the N0 domains crystallize as a helix with twelve subunits per turn, but a closed ring 
model could easily be made by translating the corresponding subunits parallel to the helical 
axis. The residues in the N0-N0’ interface are more or less conserved, with the exception of 
some residues in P. aeruginosa. Interestingly, this N0 dodecameric ring model is fully com-
patible with a 1:1 ratio of the GspCPHR-GspDQN0 interface (β1HR-β1N0), observed in the 
GspCP/GspDQ crystal structure (Korotkov et al. 2011) and in the cysteine mutagenesis stud-
ies of OutCP/OutDQ (Wang et al. 2012) and our cross-linking study of XcpPC/XcpQD (chap-
ter 4). However, the N0 domain of GspDQ not only interacts with the HR domain of GspCP, 
but also with the N1 subdomain of GspDQ, forming a compact N0-N1 module (Korotkov et 
al. 2009; Van der Meeren et al. 2013). When the N0-N1 module are superimposed onto the 
twelve N0 domains, the N1 domains clash with the adjacent N0 domain. This implicates that 
the link between the N0 subdomain and N1 subdomain as observed in the crystal structures 
of GspDQN0N2 (Korotkov et al. 2009) and XcpQDN0N2 (chapter 2, Van der Meeren et al. 2013) is 
not maintained within the dodecameric ring of N0. However, superimposing the first two 
subdomains from the type III secretion system (T3SS) secretin EscC of Enteropathogenic 
Escherichia coli (EPEC) and InvG of Salmonella enterica, showed much fewer clashes. In both 
proteins the N0 domain is flipped by 143° or 149° relative to the N1 domain, respectively 
(pdb entries 3GR5 and 4G08) (Bergeron et al. 2013; Spreter et al. 2009). The N0 and N1 sub-
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domains in T2SS are linked by a long flexible linker (Korotkov et al. 2009; Van der Meeren et 
al. 2013). It is thus possible that the N0 and N1 subdomains adopt a T3SS-like organization. 
Moreover, in case of OutDQ, when linking both domains together by a intramolecular disul-
phide bridge, resulted in a non-functional OutDQ mutant (Gu et al. 2012). This indicates 
again that the N0-N1 flexibility is indeed needed for the correct function of the secretin.  The 
second study has shown that secretins are initially build from monomeric subunits in vitro, 
suggesting a C12 oligomeric state (Huysmans et al. 2013). However, both studies do not re-
ject the possibility that dimers of subunits can be form in a “matured” secretin, probably 
during the process of secretion. In the discussion of chapter 2, we have already put forward, 
that the channels are indeed really dynamic. It is thus possible that secretins have more than 
just one oligomeric state. Moreover, it has been shown that the disulphide bridge pattern 
between OutCP/OutDQ changes depending on the presence of substrate and other T2SS 
components (Wang et al. 2012). Consequently, it has been proposed that the channel shuttles 
between a C12 symmetry and a C6 symmetry. Obviously, more studies are required to un-
ravel the high-resolution architecture of full-length secretins in their various conformational 
states.
In chapter 3, we have given evidence that XcpPC, an inner membrane component from the 
T2SS of P. aeruginosa, forms a dimer via its transmembrane helix in vitro. This finding is not 
new, as it was proposed before for OutCP, the XcpPC homologue of Dickeya dadantii (Lalle-
mand et al. 2013; Login & Shevchik 2006). Consequently, this raises the idea that dimeriza-
tion of this IM component is a more general phenomenon. However, as mentioned in the 
discussion of chapter 3, the dimerization event in XcpPC is rather weak or at least dynamic 
as it depend on the protein concentration and the detergent concentration. To give more 
foundation to our findings, we would need to pursue the in vivo story, like they did in the 
case of OutCP (Login & Shevchik 2006). Due the time limits we were facing, we have tried to 
bridge this lack of in vivo information by applying molecular dynamic simulation. Unfortu-
nately, these MD simulations were not (yet) conclusive. 
We have also postulated that beside the TM helix of XcpPC, also other domains of the full-
length protein might contribute to the dimerization (or oligomerization) event. Cross-linked 
species have indeed been observed for many periplasmic constructs. In chapter 4 we even 
determined the affinity between the periplasmic domain of XcpPC as being in the low micro 
molar range (~16 ± 10 µM). Thus, it is possible that for the formation of a stable dimer of 
XcpPC several dimerization interfaces are required simultaneously, which are to weak on 
their own to induce dimerization.
In chapter 4, we have used a powerful combination of chemical cross-linking and mass-
spectrometry to determine the interaction sites of XcpPC with XcpQD, at least in vitro. Our 
findings were further validated by SPR analysis. In general, two distinct interaction sites 
were found; one involving the HR domain of XcpPC and the N0 subdomain of XcpQD (β1HR-
β1N0, β7HR-β2N0) and one involving the HR domain of XcpPC and the N2 subdomain of 
XcpQD (β7HR-β10N0). These findings confirm earlier studies on the OutCP/OutDQ system 
(Login et al. 2010; Wang et al. 2012) and the GspCP/GspDQ system (Korotkov et al. 2011). 
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However, our findings oppose studies on the XcpPC/XcpQD system (Douzi et al. 2011). In 
the latter, interaction between XcpPC and XcpQD was only observed when the N3 subdo-
main of XcpQD was present. This led to the suggestion that there is only one interaction site, 
the N3 subdomain which would completely different from other GspCP/GspDQ system. 
With our study we have shown that this is not the case. However, we want to note that both 
studies (ours and the one by Douzi and coworkers) were performed in vitro and we are still 
missing information about the in vivo situation. Arguing, we have initiated several attempt 
to elucidate this part of information by in vivo cross-linking, however, these were yet unsuc-
cessful. Probably other methods are needed to study this interaction, such as disulfide 
bridge engineering, as applied for the OutCP/OutDQ situation (Wang et al. 2012), or Förster 
resonance energy transfer (FRET) based techniques. However, only the former will be able to 
distinguish between the N0 and N2 binding site. If we are not interested in the double inter-
face and only want to prove that both proteins interact, in vivo chemical cross-linking com-
bined with western blot analysis would be a good alternative for the FRET techniques. 
Combining the results of chapter 2, 3 and 4, and the current knowledge of the working 
mechanism of the T2SS, in particularly the “bind-and-push” model (see introduction), we 
have come up with a renewed working paradigm, in which we focus on the assembly and 
oligomeric state of the outer membrane secretin (Campos et al. 2013; Douzi et al. 2012; 
Korotkov et al. 2012; McLaughlin et al. 2012; Peter Howard 2013). As mentioned above, the 
secretin is dynamic and probably shuttles between different oligomeric states. Moreover, this 
switching mechanism might be linked with the opening and closing control of the secretin. 
As this idea is very attractive, it is not yet supported by experimental data. In addition, it is 
possible that the sequential binding events of GspCP to GspDQ are the “trigger” for this 
switching mechanism. First, GspCP binds to the N0 subdomain in a 1:1 complex, in which 
GspDQ adopts a C12 symmetry with an elongated periplasmic vestibule, including an elon-
gated N0-N1 conformation. Secondly, GspCP binds to the N2 subdomains, imposing GspDQ 
to adopt the C6 symmetry state. This interaction might be further stabilized by additional 
interactions between the N0 subdomain from GspDQ and the TM/HR region of GspCP 
(chapter 4 and reference (Login et al. 2010)). Interestingly, in the case of the filamentous bac-
teriophage f1, randomly induced mutations were found in the N-terminal domain of pIV 
and were thought to be involved in triggering the gate opening (Spagnuolo et al. 2010).
The fact that the gate opening and closing is combined with the different oligomeric states is 
rather intuitive. In the C12 state the secretin is closed and has an N3 constriction and a peri-
plasmic gate, as observed in the EM structures of EpsDQ (Fig. 1.9) (Reichow et al. 2010). In 
contrast, in the C6 state, the secretion is in its open conformation. Although the crystal struc-
ture of the dimeric periplasmic domain of XcpQD only covers the first three subdomains (N0, 
N1 and N2), it is not unlikely that the N3 subdomain also adopts a similar arrangement. In-
deed, our cross-linking experiment of chapter 4 might point into this direction, were we ob-
served two cross-linked peptides involving the N3 subdomain: Lys204N1-Lys292N3 and 
Lys263N2-Lys292N3. These cross-links are only possible when N3 folds back onto the N2 sub-
domain burying an extensive N2-N3 interface. Moreover, the obligate dimer mutant 
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S210CXcpQN0N3 formed covalently linked dimers with the same ease as S210CXcpQDN0N2. Thus, 
in the C6 symmetry, the periplasmic subdomains probably form a more compact periplasmic 
vestibule involving large domain movements in which two adjacent monomers turn and 
form a dimer. As the N3 subdomain is also involved in this dimerization, the N3 constriction 
will probably not be present anymore and hence the C6 state might resemble the open state 
of the secretin. Extrapolating this to the rest of the secretin, it is also possible that the C-
terminal domain undergoes a conformational change, which is on this turn linked with the 
opening of the periplasmic gate. This is change is probably mediated by the conformational 
change in the N3 subdomain. The finding that the N3 subdomain is also be involved in the 
oligomerisation of the secretin (Guilvout et al. 2014; Guilvout et al. 2011) surely underlines 
this idea. However, large conformational changes in the β-structure are not consistent with 
the high SDS and heat resistance observed for many secretins (Bayan et al. 2006; Bitter 2003; 
Korotkov et al. 2012). Nonetheless, these changes might involve the more flexible loop re-
gions of the β-structure. 
A schematic representation of our refined model is given in figure 5.1: (1) In a first step, the 
secretin, GspDQ, is assembled in the outer membrane (OM), whereas the other proteins are 
forming the IM platform. Initially, GspDQ subunits are present in the OM as monomers but a 
dodecameric structure with a C12 symmetry is formed readily. In the C12 state, the secretin 
is in its closed conformation as observed in the EM structure of EpsDQ with a N3 constric-
tion and a periplasmic gate (Reichow et al. 2010). Moreover, in this state the secretin has an 
extended conformation (including the N0 and N1 subdomains) in such a way that the dode-
cameric ring of N0 subdomains is formed as observed in the crystal structure (Korotkov et 
al. 2013). Some secretins are helped for transport and/or organization by small lipoproteins, 
called pilotins (D'Enfert & Pugsley 1989; Dunstan et al. 2013; Hardie et al. 1996; Korotkov & 
Hol 2013; Schmidt et al. 1997; Shevchik & Condemine 1998; Strozen et al. 2012), while others 
rely on specific peptidoglycan-remodeling enzymes (Ast et al. 2002; Jahagirdar & Howard 
1994; Schoenhofen et al. 2005; Strozen et al. 2011). In fact, to accommodate a complete dode-
cameric secretin, the peptidoglycan must be remodeled eventually. Indeed, a NMR derived 
three-dimensional model of a synthetic peptidoglycan fragment showed a mesh-like ar-
rangement with holes of about 70 Å in diameter; large enough for the accommodation of a 
trimeric TolC outer membrane channel, but to small for the T2SS secretin (for dimensions see 
Fig. 1.9) (Meroueh et al. 2006). The IM platform is formed by the three proteins: GspFS, 
GspLY and GspMZ. It is possible that the complex is already preloaded with the minor-
pseudopilin complex that forms the tip of the pseudopilus. It has indeed been shown that 
PulIV and PulJW might self-assemble spontaneously in the membrane, recruit PulKX and ini-
tiate pseudopilus assembly (Cisneros et al. 2012). Finally, also the GspER ATPase is probably 
already associated with the IM platform, as it copurifies with the GspFS/GspLY/GspMZ 
complex (Py et al. 2001; Robert et al. 2005). However, in case of XpsER, nucleotide binding 
and oligomerisation is needed prior its binding!to !XpsLY!(Chen!&!Hu!2013;!Shiue!et!al.!2006).!
It!is!also!possible!that!GspER!associates!directly !with!the!membrane!when! it! is!not!bound!to!
the! T2SS !as! demonstrated! by ! liposome!binding! studies! of! EpsER! (Camberg! et! al.! 2007).!
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GspCP diffuses freely in the IM as a monomer or dimer, or associates weakly with the com-
ponents of the IM platform. Alternatively, GspCP dimers might only form during the secre-
tion process, in combination with the transition of the GspDQ oligomeric state. (2) In the sec-
ond step, the C12 secretin is recognized by GspCP and an interaction between the N0 sub-
domain of GspDQ and the HR domain of GspCP is established in a 1:1 ratio. (3) Conse-
quently, this binding between GspDQ-GspCP brings 12 copies of GspCP molecules together 
and allows a stronger association of the IM platform by means of avidity. (4) In the next step, 
the folded substrate binds to the GspCP molecule, for example to the PDZ domain (Bouley et 
al. 2001), but other regions might also be involved (Gérard-Vincent et al. 2002). Alternatively, 
it is possible that GspCP is preloaded with the substrate before GspDQ and the IM platform 
are recruited or that GspDQ is recruited first, than the substrate and finally the IM platform. 
(5) Possibly, this binding of the substrate produces a signal upon which GspCP exchanges its 
N0 binding site for the N2 binding site and the substrate is transferred to the secretin vesti-
bule. The binding of GspCP to this second binding site of GspDQ induces a conformational 
change in the latter, whereby the secretin shuttles from the C12 state to the C6 state. In the 
C6 state the secretin is in an open conformation (see above). Furthermore, this event also 
signals to the IM platform, maybe by a change in oligomeric state of GspCP, which is prolif-
erated to changes in GspMZ and GspLY (Lallemand et al. 2013). Due to the long distance the 
HR domain of GspCP has to travel to contact the N2 subdomain of GspDQ and the limited 
length of the TM/HR region (35 residues = ~ 130 Å max), deforming (squeezing) of the 
membrane architecture might occur. As the peptidoglycan layer is associated with the OM 
(Silhavy et al. 2010), the IM will likely undergo more deformation than the OM. (6) Several 
rounds of ATP binding, ATP hydrolysis and ADP release induce cycles of conformational 
changes in GspER which are translated to the pseudopilus assembly, probably by the coop-
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Figure 5.1 - Schematic representation of the renewed working model of the T2SS. 
OM = outer membrane, IM = inner membrane, PG = peptidoglycan. See text for more 
explanation. GspER hexamer (green) was modeled by aligning V. cholerae EpsER do-
mains (pdb 1P9R) onto the homologous domains of the P. aeruginosa PilT hexamer 
(pdb 3JVV). GspFS dimer (pink) was created with two V. cholerae EpsFS domain-1 ho-
modimers (pdb 3C1Q). One each of GspLY (dark blue) and of GspMZ (light blue) peri-
plasmic domains (pdb 2W7V; 1UV7) were aligned to the PilO homodimer (pdb 2RJZ) 
to create the GspLY-GspMZ heterodimer. Minor pseudopilins (GspKX, dark green; 
GspHUIVJW, light greens) were manually modeled using V. cholera EpsHU (pdb 2QV8) 
and ETEC GspIVJWKX (pdb 3CI0) structures and fitting these onto to the tip of the 
ETEC GspGT pseudopilus (pdb 3G20, gray). The twelve-fold ring model of the ETEC 
GspDQ N-terminal domains (dark red cartoons) (pdb 3EZJ) is positioned within the V. 
cholerae GspDQ EM reconstruction (red surface) (EMDB 1763). To correspond to the N0 
dodecameric ring structure (Korotkov et al. 2013), the N0-N1 conformation was 
changed manually to match the EscC crystal structure (T3SS). GspCP was recon-
structed using the ETEC GspCP HR domain (pdb 3OSS, orange) and V. cholerae GspCP 
PDZ domain (pdb 2I4S). For simplicity, only one GspFS dimer, two GspLY-MZ hetero-
dimers, six GspDQ monomers and six GspCP chains are shown.
assembly, probably by the cooperation of the different IM components, especially GspLY. It 
has been shown that GspLY interacts directly with the major pseudopilin (Gray et al. 2011). 
Also GspFS might play a crucial role here. First, GspFS probably functions as the basal body 
from which the pseudopilus is build. Alternatively or in addition, as GspFS binds with 
GspER and GspLY (Arts et al. 2007), this binding might control the correct conformational 
movements of GspER in such a way that the movement of the N-terminal domain (NTD) is 
translated to a movement of GspLY for example by holding the C-terminal domain (CTD) in 
place. (7) Eventually, the growing pseudopilus is pushing the substrate through the open 
secretin channel. (8) Finally, the complex has to be reset. What actually happens is still un-
known. Most likely the pseudopilus disassembles either partially or completely and GspCP 
dissociates from the secretin or binds again to the N0 subdomain (a situation resembling 
step 2 or 3 of figure 5.1). The system is now ready for a second round of secretion.
The most attractive idea of this renewed model is that GspCP controls the opening of the 
GspDQ by moving from one interaction site to an other and that this opening is accompanied 
by a switch between the C12 to the C6 state. One possible way to study this transition is by 
electron microscopy; in which the GspDQ protein is incubated with and without the soluble 
domain of GspCP, or at least the HR domain. Alternatively but very challenging, crystallog-
raphy of the full-length GspCP-GspDQ complex and in addition GspDQ alone might give 
more insight.
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English(Summary
As an opportunistic human pathogen, Pseudomonas aeruginosa is frequently associated with, 
sometimes even lethal, infections in immune compromised individuals and patients 
suffering from cystic fibrosis. One of the most worrisome characteristics of P. aeruginosa is its 
low antibiotic susceptibility, making antibiotic therapy rather difficult. But also in general, 
the emerging of Multi Drug Resistance and Multi Drug Tolerance among micro-organisms 
has become one of the most serious public health concerns and threats. Therefore, finding 
the right strategies such as the discovery of new antimicrobial drugs is urgently needed.
Secretion is the selective transport of proteins or other (macro)molecules over the cell 
membrane from the interior of the cell to the outside environment. It is an essential step 
needed for numerous processes such as organelle biogenesis and nutrient acquisition, but it 
plays also a major role in the pathogenesis and virulence of many micro-organisms. 
Therefore, blocking bacterial secretion might be a promising alternative for the classical 
antibiotic therapies. Fundamental studies to reveal how bacterial secretion exactly work are 
thus of great interest. In this PhD thesis we focus on the type II bacterial secretion system 
(T2SS) of P. aeruginosa. Despite the wealth of information available, the exact functioning of 
the system is still enigmatic. Especially the mutual stoichiometry and relative arrangement 
of the different components are still one of the most intriguing questions in the field. Using a 
variety of structural, biochemical and biophysical techniques, we tried to answer some of 
these questions.
In Pseudomonas aeruginosa, the T2SS encoded by the xcp genes consists of 12 different 
oligomeric proteins distributed over three subassemblies: a periplasmic filamentous 
pseudopilus, the inner membrane (IM) platform, and the outer membrane (OM) secretin. 
The latter, called XcpQ, is typically assembled via homo-oligomerization of 12 subunits and 
forms a large translocation channel in the outer membrane. Each subunit contains a 
membrane spanning C-terminal domain and a N-terminal domain, subdivided into four 
subdomains (called N0, N1, N2 and N3). Moreover, this N-terminal domain protrudes deep 
into the periplasm, where it interacts with other components of the T2SS system, including 
its substrates, the pseudopilus and the inner membrane protein XcpP. Although XcpP is 
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crucial for the correct function of the T2SS, the exact role of the protein is still under 
discussion. However, evidence rises that XcpP might work as a kind of channel clamp by 
linking the IM platform to the OM secretin. 
In this PhD thesis, we have reported the crystal structure of the N-terminal periplasmic 
domain of the secretin XcpQ from Pseudomonas aeruginosa, revealing a two-lobe dimeric 
assembly with characteristic interaction interfaces at the tips of each lobe. We have 
employed structure-based engineering of disulfide bridges and native mass spectrometry to 
show that the periplasmic domain of XcpQ also dimerizes in solution, but in a concentration 
dependent manner. Validation of these insights in the context of cellular full-length XcpQ by 
disulphide bridge engineering, we further established that the basic oligomerisation unit of 
XcpQ is a dimer. Bearing in mind that the secretin is built of twelve copies of the same 
protein, this would correspond to a “hexamer-of-dimers” (6x2 or C6 symmetry), challenging 
recent studies reporting a “dodecamer-of-monomer” (12x1 or C12 symmetry) conformation. 
Using a combined approach of cross-linking followed by identification of the cross-linked 
peptides with mass spectrometry, we have shown that a small region in the periplasmic 
domain of XcpP, called the homology region (HR), is able to interact with two distinct 
subdomains of periplasmic domain of XcpQ: the N0 subdomain and the N2 subdomain, 
respectively. These interaction sites were further validated using Surface Plasmon Resonance 
experiments. In addition, the region of XcpP between the transmembrane helix (TM) and the 
HR, called TM/HR, also contributed to the XcpP/XcpQ interaction. 
Next, we have provided biochemical evidence that the TM region of XcpP is involved in its 
self-association, while the periplasmic domain of XcpP alone adopts an elongated 
monomeric conformation. Furthermore, careful sequence analysis of the TM helix sequence 
revealed the presence of a possible GxxxG-like dimerization motif.  Interestingly, based on 
sequence alignments of the TM sequence of XcpP and homologous proteins, this motif 
seemed to be more common than first thought. Taken into account that the TM helix of 
XcpP cannot be replaced by any other membrane anchor, this dimerization event might have 
a functional implication in the working mechanism of the T2SS, for example in combination 
with the interaction of XcpQ.
Combining these findings, we have proposed an updated model in which XcpP and XcpQ 
bind to each other via successive interaction. In this regard, XcpP, residing in the IM, first 
contacts XcpQ via interactions with the N0 subdomain, followed by a conformational 
change of both proteins and a translation of the HR domain from XcpP towards the N2 
subdomain. This translation is further stabilized due to additional interactions of the N0 
subdomain with the TM/HR region of XcpP. We further proposed that this event triggers 
XcpQ to undergo a conformational change in which its oligomeric states changes form a C12 
symmetry (monomers, or elongated state) to a C6 symmetry (dimers, or compact state), and 
that this conformational change might also be linked to the opening (C12 to C6) and closing 
(C6 to C12) of the secretin channel.
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Nederlandse(Samenva3ing
De opportunistische menspathogeen, Pseudomonas aeruginosa, is vaak geassocieerd met - 
soms zelfs letale - infecties in personen met een gecomprimeerd immuunsysteem of 
patiënten die lijden aan cystische fibrose (taaislijmziekte). Een van de meest onrustbarende 
kenmerken van P. aeruginosa is zijn lage susceptibiliteit tegenover antibiotica. Maar ook in 
het algemeen vormen multi-drugresistentie en -tolerantie de dag van vandaag een 
bedreiging voor de volksgezondheid. Het is daarom van groot belang dat nieuwe 
strategieën ontwikkeld worden voor antibacteriële behandelingen, zoals het ontwikkelen 
van nieuwe geneesmiddelen.
Secretie is het selectief transport van eiwitten of andere (macro)moleculen over de 
celmembraan van in de cel naar buiten. Het is een essentiële stap betrokken bij tal van 
processen zoals organelbiogenese en voedselwinning, maar het speelt ook een belangrijke 
rol in de pathogenese en virulentie van tal van micro-organismen. Het inhiberen van 
bacteriële secretie is daarom ook een veelbelovend alternatief voor de huidige antibacteriële 
behandelingen. Het is daarom van groot belang om te begrijpen hoe bacteriële secretie in 
zijn werk gaat. Dit doctoraatsonderzoek spitste zich toe op het type II secretiesysteem (T2SS) 
van Pseudomonas aeruginosa. Ondanks de overvloed aan data blijft de exacte werking van dit 
secretie systeem eerder enigmatisch. Vooral de wederzijdse stoichiometrie en de organisatie 
van de verschillende componenten van het T2SS blijven heel intrigerende 
onderzoeksthema’s. Door gebruik te maken van een waaier aan structurele, biochemische en 
biofysische methoden, hebben we getracht een aantal van deze vraagstukken op te lossen. 
In Pseudomonas aeruginosa bestaat het T2SS, gecodeerd door de xcp-cluster, uit 12 
verschillende eiwitten die samen een groot eiwit-complex vormen. Deze “machine” kunnen 
we verder onderverdelen in drie verschillende subsystemen: een periplasmatische 
pseudopilus, een binnenmembraan platform en een buitenmembraan secretine. Deze laatste, 
ook XcpQ genaamd, is samengesteld uit 12 identieke subeenheden en vormt een groot 
translocatiekanaal in de buitenmembraan. Elke XcpQ-subeenheid bestaat op zich uit een C-
terminaal domein ingebed in de membraan en een N-terminaal domein, opgebouwd uit vier 
subdomeinen (N0, N1, N2 en N3). Dit N-terminaal domein dringt diep door in het 
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periplasma waar het bindt met andere componenten van het T2SS, inclusief 
substraateiwitten, de pseudopilus en het binnenmembraan eiwit XcpP. Niettegenstaande dat 
XcpP cruciaal is voor de goede werkingen van het T2SS, is zijn exacte rol nog steeds een 
belangrijk punt van discussie. In het algemeen wordt er vanuit gegaan dat XcpP dienst doet 
als de fysische link tussen het binnenmembraan platform en de buitenmembraan secretine. 
In deze doctoraatsthesis, presenteerden wij de kristalstructuur van het geïsoleerd N-
terminaal periplasmatisch domein van het secretine XcpQ van Pseudomonas aeruginosa. Deze 
structuur vertoonde een opmerkelijke organisatie van twee parallel georiënteerde moleculen 
die met elkaar binden via hun uiteinden. Door doelbewust disulfidebruggen in te brengen in 
de eiwitten en via natieve massaspectrometrie analyse, hebben we ook kunnen bewijzen dat 
de dimeer wordt gevormd in oplossing. Bovendien bleek dat deze dimerisatie afhankelijk is 
van de gebruikte eiwitconcentratie. We hebben verder ook kunnen aantonen dat de dimeer 
ook wordt gevormd in de cellulaire context, dus in context van het functioneel T2SS. Dit zou 
overeenkomen met een “hexameer-van-dimeer” (6x2, C6 symmetrie) model, naar analogie met 
het tot dan toe aanvaarde “dodecameer-van-monomeer” (12x1, C12 symmetrie) model. 
Door gebruik te maken van een gecombineerde aanpak van chemische cross-linking gevolgd 
door de identificatie van de gecross-linkte peptiden, hebben we kunnen aantonen dat een 
beperkte regio van XcpP, namelijk de homologie regio (HR), kan binden met twee 
afzonderlijke subdomeinen van XcpQ: respectievelijk het N0-subdomein en het N2-
subdomein. Deze bindingsplaatsen werden vervolgens gevalideerd via Surface Plasmon 
Resonance experimenten. Deze experimenten hebben bovendien aangetoond dat mogelijks 
een extra binding tussen XcpQ en XcpP aanwezig is. Hierbij zou de regio van XcpP liggend 
tussen de membraan-helix (TM) en de HR, genaamd de TM/HR, van belang zijn.
Verder hebben we via biochemische analysemethoden kunnen aantonen dat het 
membraandomein (= de membraan-helix of TM) van XcpP betrokken is bij zijn dimerisatie 
en dit terwijl andere domeinen, zoals het periplasmatische domein, monomeer bleken te zijn 
in oplossing. Analyse van dit membraandomein heeft verder aangetoond dat hiervoor 
mogelijks een GxxxG-achtig dimerisatie motief belangrijk zou kunnen zijn. Alignering van 
de sequenties van verschillende membraanhelices uit homologe eiwitten heeft verder ook 
aangetoond dat de aanwezigheid van dit motief eerder regel dan uitzondering is. In 
beschouwing genomen dat de membraanhelix van XcpP niet zomaar kan vervangen worden 
door om het even welke membraanhelix, hebben we gesuggereerd dat dit dimerisatie-event 
van functioneel belang kan zijn voor de werking van het T2SS, bijvoorbeeld in combinatie 
met de interactie met XcpQ. 
Gebaseerd op al deze bovenvermelde resultaten, hebben we een vernieuwd werkmodel 
voorgesteld waarbij XcpP en XcpQ met elkaar binden via een opeenvolging van transiënte 
interacties. Hierbij bindt XcpP eerst met het N0-subdomein van XcpQ, gevolgd door een 
conformationele verandering in beide eiwitten waarbij het HR-domein van XcpP verspringt 
naar zijn tweede bindingsplaats , het N2-subdomain. Deze shift wordt verder gestabiliseerd 
door extra interacties van XcpQ met de TM/HR-regio van XcpP. We veronderstellen verder 
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dat de conformationele verandering gepaard gaat met het verschuiven van de symmetrie 
van het secretine van C12 naar C6, en dat dit gelinkt is met het openen (C12 naar C6) en 
sluiten (C12 naar C6) van het secretiekanaal.
                                                                    ! Summary/Samenvatting       
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!" 177
                                                                                          !
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!" 178
Acknowledgement
It# feels#strange...#writing#my#acknowledgments.#Thus#this#really#mean#my#PhD#is#ﬁnished?#
As#my#former#promotor#of#my#Masterthesis,#Dr.#Annelies#Van#Hoorebeke,#stated:#“PhD’s&are&
not& completed,& they&are& just& abandoned”.# Indeed,# research# never# ﬁnish;# there#are#always#new#
and#more#things#to#learn.#And# if# there #is#one#thing#I#have#learned#during#my#PhD#it# is#this:#a&
PhD& you& never& do& alone.# This# is#why#I#would# like# to# thank# all# of# you# that# guided# me#or#
accompanied#on#my#path#during#the#past#4#and#1/2#year#at#LMProBE.#
The#ﬁrst#person#to#thank#is#without#doubt#my#promotor# Prof.#Dr.#Savvas#Savvides.#Savvas,#
thank#you# for# giving#me#the#opportunity#to#start# this#PhD#in#your# lab.#Thank#you# also#for#
your#neverMending#enthusiasm,#your# patiences,#our#meetings,#your# critical#questions#which#
were#without#doubt#a#motivation#to#explore#new#ﬁelds#in#the#T2SS#world.##
I# also# want# to# thank# all# my# current# and# former# colleagues;# Annelies,# Jan# Stout,# Bert,#
Géraldine,#Jonathan#&#Ester,#Kedar,#Bjorn,#Kenneth,#Yehudi,#Erwin,#Sammy,#Jan#Felix,#Ann,#
Ola# and#Wouter.#Thank#all#of# you,#who#ave#accompanied#me#to#the#synchrotron# and# have#
spend# nights#with#me#in# front# of# the#computer,# looking#for# diﬀraction# spots# or# sca^ering#
curves.#Of#course#I#also#want#to#thank#all#my#colleagues#from# the#Unit for Biological Mass 
Spectrometry and Proteomics.#My#thanks#also#goes#to#Debbie#(and#Freddy),#who#kept#the#lab#
running.#Without#you,#the#piles#of#dirty#dishes#would#have#been#enormous.#Finally,#I#want#to#
thank#my#students,##Klaas#and#Grégory,#for#taking#over#a#lot#of#practical#work.#
I#specially#want# to#thank#Ola,#for# the#great# discussions#about#photography#and#many#other#
things#both#either#related#or#nonMrelated#to#the#T2SS.#
My#special#thanks#go#to #Yurong;#who#taught#me#a#lot# about#mass#spectrometry,#for#his#great#
help# during#the#experiments#on# the#XcpQMXcpP#interactions.#Yurong,#we#have# indeed# the#
best#collaboration...#;M).#Also#many#thanks#to #Griet,#who#I#always#could#call#if#the#HPLC#or#FT#
was#having#problems#(again).#
I#also#need# to#thank#Dr. Govaerts Cédric (ULB), Prof. Dr. Tommassen Jan (Utrecht 
University), Prof. Dr. Van Gelder Patrick (UGent), Prof. Dr. Van Hecke Kristof (UGent) and 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Acknowledgement!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!. 179
Dr. Verstraete Kenneth (UGent),  the members of my reading committee, and Prof.#Dr.#
Devreese #Bart,#chairman# of# the#jury.#Thank#you# for# the#fruitful#discussions#before,#during,#
and# following# the# closed# defense # and# for# the# many# valuable# suggestions,# they# have#
contributed#in#great#part#in#making#this#thesis#be^er.#
On# a# more# personal# note# I# would# like# to #thank#my# friends,# in# particularly #Jonas,# Freek,#
Nathalie # and# Jan# Mortier# for# there# company# during # the# lunch# hours# and# the# great#
conversations#we#had.# I# also#want# to# thank#my# family,# especially #my#mom,# dad# and# my#
brother,#for# there#support#during#periods#of# enthusiasm#and#disappointment,#although#they#
only #barely #understood#the#things#I#was#talking#about.#I#also#want# to #thank#Prof.#Dr.#Carlos#
De#Wagter,#my#father# in#law,#for#his#great#help#en#proofreading#skills#during #this#ﬁnal#stage#
of#my#PhD.#
Finally,#I#want#to #thank#my#wife,#Jozeﬁen,#who#endured#these#last#months#with#a# lot#of#stress#
and#almost#no#sleep.#Nevertheless,#she#always#stays#by#my#side#and# takes#care#of#me#as#she#
does#for# both# of# our#children,#Merel# and# Hazel.#Jozeﬁen,#I#can#never#express#how#grateful#
I’m#that#you#have#becoming#part#of#my#life.#I#love#you.#
Ruben
June#2014
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Acknowledgement!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!. 180
In this addendum we describe (incomplete) results obtained during the four years of PhD, but that did 
not fit into one of the previous stories. The results of some experiments presented here are a part of a 
still ongoing research are meant solely for documentation purposes. Hence, the data listed underneath 
need to be considered as confidential. In the first part, we will describe our work on the XcpRE-XcpYL 
interaction in a kind of paper style. In second part, a summation of preliminary results is given with 
respect to structural elucidation of the XcpQD secretin.
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A.1. !Introduction
Gram-negative bacteria have evolved at least six sophisticated secretion systems (called type 
I to VI) to achieve the translocation of proteins or nucleic acids over the outer membrane 
(Holland 2010). Except for Type V, all these systems are unified by the presence of at least 
one potential NTP hydrolase (NTPase) to energize the secretion process. The NTPases 
(mainly ATPases) from the type II and type IV secretion systems, and type IVa pili systems 
are remarkably similar in structure and sequence, and are collectively called the “secretion 
superfamily NTPases” (Planet et al. 2001). Members of this family include trafficking 
NTPases participating in bacterial T4SS (VirB11 subfamiliy), and motor NTPases in T2SS 
(GspER subfamily), T4aPS (PilT/PilU subfamily (pili retraction) and PilB subfamily (pili 
formation)) and archaella (formerly archaeal flagella, archaeal GspE) (Planet et al. 2001; Sav-
vides 2007). They are involved in a variety of different processes including pilus and ar-
chaella biogenesis, protein secretion and DNA transportation in conjugation and natural 
transformation. Generally, superfamily NTPases contain two canonical nucleotide binding 
motifs (Walker boxes A and B) and two conserved regions designated as the Asp and His 
boxes (Planet et al. 2001; Possot & Pugsley 1994; Turner et al. 1993; Walker et al. 1982; 
Whitchurch et al. 1991). Interestingly, structurally characterized members of the superfamily 
share a common organization; they all form a toroidal hexameric structure of which each 
subunit in turn consists of a N-terminal and a C-terminal domain (NTD and CTD) separated 
by a linker (see also Fig. 1.10). As NTPs are not present in the periplasmic space, all these 
hydrolases are located in the cytoplasm, but are usually associated with the inner membrane 
(Abendroth et al. 2005; Ball et al. 1999; Christie et al. 1989; Py et al. 1999; Py et al. 2001; 
Rashkova et al. 2000; Rivas et al. 1997; Sandkvist et al. 1995).
The T2SS GspER ATPase is classified into the GspE subfamily of the secretion superfamily 
NTPases (Planet et al. 2001). In Pseudomonas aeruginosa, at least two functional GspER AT-
Pases are present, namely XcpRE from the Xcp T2SS and HxcR form the Hxc T2SS (Table 
1.1). In P. aeruginosa strain PA7, a third GspER protein is present, called TxcRE (Cadoret et al. 
2014). TxcRE is highly homologous to XcpRE (67.14% sequence identity and 80.83% sequence 
similarity). Based on sequence alignment with other T2SS GspER ATPases, all three proteins 
cluster with GspER proteins such as EpsER (V. cholerae), ExeER (A. hydrophila), PulER (K. pneu-
moniae), OutER (D. dadantii) and GspER (E. coli) (Planet et al. 2001). Interestingly, XpsER (X. 
campestris) does not group with these ATPases. Moreover, XpsER seemed to be is more re-
lated to the PilB ATPases from the T4aPS than to the T2SS ATPases and contains an extra N-
terminal subdomain, called N0 (Chen et al. 2005).
The crystal structures of EpsE∆90, an EpsER variant that lacks the first 90 residues, has been 
solved (pdb entries 1P9R and 1P9W) (Robien et al. 2003). This showed that the NTD and 
CTD of EpsER can be further subdivided into the N1 and N2 subdomains, and into the C1, 
CM and C2 subdomains, respectively. In this regard, the crystallized EpsE∆90 construct lacks 
the first N1 subdomain. The C1 subdomain contains all four characteristic sequence motifs 
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of the T2SS and T4SS subfamilies: the Walker A, Walker B, Asp and His boxes (Fig. A.1). All 
four boxes contribute key residues surrounding the position of the γ-phosphate which likely 
play a role in the ATPase activity of EpsER (Robien et al. 2003). Interestingly, after binding of 
the nucleotide several arginine residues outside the nucleotide binding site move in to com-
plete the active site, including Arg residues from neighboring subunits (Misic et al. 2010; 
Patrick et al. 2011; Shiue et al. 2007; Yamagata & Tainer 2007). Mutation of these arginine 
residues in EpsER completely abolishes the protein secretion in Vibrio cholerae (Patrick et al. 
2011). Two of these arginine residues are localized in the NTD subdomain and are highly 
conserved within the secretion superfamily ATPases (Fig. A.1). This has led to the working 
mechanism of secretion ATPases in which the NTD domain undergoes a series of large 
movements regulated by the binding and hydrolysis of ATP, and the release of ADP. Sub-
stantial conformational changes of the NTD between the nucleotide bound and unbound 
state have indeed been observed for various ATPase, such as PilT ATPase from T4aPS (Misic 
et al. 2010; Satyshur et al. 2007), the archaella GspE from Archaeoglobus fulgidus (Yamagata & 
Tainer 2007) and the HP0525 (VirB11) ATPases (Savvides et al. 2003; Yeo et al. 2000). In con-
trast, although EpsER∆90 was crystallized in presence and absence of the non-hydrolysable 
ATP analogue, AMPPNP, no significant conformational changes of the NTD was observed 
(Robien et al. 2003). As EpsER∆90 did not crystallize as a hexamer, this probably means that 
the NTD movement and subsequently ATP hydrolysis depends on the correct formation of a 
hexameric oligomeric state. In the case of EpsER, increased ATPase activity has indeed been 
observed for the small oligomeric fractions after size exclusion chromatography (Camberg & 
Sandkvist 2005). Likewise, a hexameric organization of EpsER fused to the obligate hex-
americ protein Hcp1 also showed increased ATPase activity (pdb entries 4KSR and 4KSS) 
(Lu et al. 2013). Furthermore, mutation of residues in the proposed subunit interface were 
also detrimental to the function of EpsER (Patrick et al. 2011). Intriguingly, in case of XpsER, 
this oligomerisation event seemed to depend on the presence of ATP (or AMPPNP), but not 
ADP (Shiue et al. 2006).
The structural analysis of EpsER also verified the presence of a tetracysteine motif in the CM 
subdomain which coordinates a divalent metal, most likely a Zn2+ ion (Lu et al. 2013; Robien 
et al. 2003). This tetracysteine motif in EpsER is composed of two Cys-X-X-Cys boxes and is 
highly conserved among members of the type II family of putative NTPases but absent in 
the type IV ATPases, the PilT subfamily, some members of the pilB subfamily and XpsER 
(Fig. A.1). Interestingly, replacement of the cysteines by serine residues in the PulER homo-
logue, abolishes secretion of pullulanase (Possot & Pugsley 1997). However, depletion of the 
EpsER enzyme from bound zinc, only reduced the ATPase activity with 48%. This indicates 
that the Zn2+ ion is not directly involved in the catalytic activity, but probably has a more 
structural role (Camberg & Sandkvist 2005).
Various genetic and biochemical experiments have shown that the cytoplasmic domain of 
EpsLY from V. cholerae interacts with the N1 N-terminal subdomain of the ATPase EpsER 
(Abendroth et al. 2005; Sandkvist et al. 1995; Sandkvist et al. 2000). This interaction was also 
observed in T2SS from other species, such as the K. oxytoca Pul system (Possot et al. 2000) 
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and the X. campestris Xps system (Shiue et al. 2006). A crystal structure of the first N-terminal 
subdomain (N1 subdomain) of EpsER in complex with the cytoplasmic domain of EpsLY 
(EpsLcyto) has been solved (pdb entry 2BH1) (Abendroth et al. 2005). Both the N- and C-
terminus of this N1 subdomain are distant from the interface indicating that no immediately 
adjacent parts of full-length EpsER will likely bind to EpsLY. In case of XcpRE, expression of 
the N1 subdomain was transdominant in a wild-type Pseudomonas background, blocking the 
secretion of exotoxin A (Turner et al. 1997). Interestingly, the same N1 domain has shown to 
be involved in the dimerization (or oligomerisation n.b.) of XcpRE (Turner et al. 1997). Fi-
nally, a crystal structure of the N0 and N1 subdomains of XpsER is also available (Chen et al. 
2005). Whereas the N1 subdomain is structural almost identical to the N1 subdomain of Ep-
sER, the N0 subdomain forms an extra helical region on top the N1 subdomain. A pull-down 
assay has indicated that two α-helices from the N0 subdomain are essential for the interac-
tion with XpsLY (Chen et al. 2005). 
The above EpsER/EpsLY complex was crystallized as a heterotetramer in which EpsLYcyto 
formed a central dimer. Interestingly, when EpsLYcyto was crystallized alone, it also formed 
a dimer (pdb entry 1W97) (Abendroth et al. 2004). Structural comparison of EspLYcyto with 
other proteins, has revealed an unexpected structural homology with actin-like ATP-binding 
proteins (Abendroth et al. 2004). However, no ATP binding pocket or ATPase activity has 
been identified. Upon copurification with the cytoplasmic domain of EpsLY, EpsER showed 
an increased ATPase activity with a modest two fold (Camberg et al. 2007). This is consistent 
with the findings for XpsLY and XpsER (Shiue et al. 2006). Addition of acidic phospholipids, 
specifically cardiolipin, to the copurified EpsER/EpsLYcyto complex, stimulated its ATPase 
activity even further with a 30-130-fold increase. However, eleven cytoplasmic residues 
proximal to the transmembrane region seemed to be essential for this increase. Interestingly, 
upon mutation of some of these residues in full-length EpsLY, the amount of extra cellular 
protease was significantly reduced, indicating the importance of this membrane proximal 
domain in vivo (Camberg et al. 2007). Noteworthy, it has been suggested for XpsER that nu-
cleotide binding is needed prior the binding to XpsLY (Shiue et al. 2006). However, in case of 
EpsER and EpsLYcyto, nucleotide binding is not needed to form a complex between both 
proteins, but stimulation of ATP hydrolysis by cardiolipin requires pre-loading of the 
EpsER/EpsLY complex with ATP.
Here we focus on our attempts to structurally and biophysically characterize the ATPase 
from the Xcp system, called XcpRE. We show evidence both biochemically and structurally 
that XcpRE, in complex with the cytoplasmic domain of XcpYL (called XcpYLcyto) forms a 
higher order complex with possibly a ring-like shape. Furthermore, we show that XcpYLcyto 
is monomeric in solution and adopts a “chicken-leg” shape with a big lobe at one end and a 
small attachment at the other end. Based on sequence alignments of the XcpYL and EpsLY, 
little homology is found between both proteins, particularly in the C-terminal part of the cy-
toplasmic domains. We therefore suggest that XcpYLcyto probably looks different from the 
crystal structure of EpsLYcyto, especially in this C-terminal region. 
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A.2 ! Experimental Procedures
A.2.1. Cloning of XcpR and XcpY 
The DNA fragments encoding for full-length XcpR (residues 1 - 502, numbering according to 
uniprot entry #Q00512, hereafter called XcpRfl) and a construct of XcpR lacking the first 90 
residues (hereafter called XcpR∆90) were amplified using a pKM263-XcpR vector as tem-
plate, which was us provided by Prof. Dr. Savvas Savvides, and cloned into the pET15b+ 
vector (Novagen) with the NdeI and XhoI restriction sites. The construct of the cytoplasmic 
domain of XcpY (residues 1 - 223, numbering according to Uniprot entry #P25060, hereafter 
called XcpYcyto) was amplified from genomic DNA and cloned into pET15b+ vector using 
the NdeI and BamHI restriction sites. All constructs encoded by the pET15b+ had a throm-
bin cleavable N-terminal His6-tag. An overview of primers used for this cloning are listed in 
table A.1. Next, XcpRfl, XcpR∆90 and XcpYcyto were sub-cloned from the pET15b+ into the 
pACYCDuet-1 vector (Novagen) using the NdeI and XhoI restriction enzymes. The resulting 
constructs encoded a XcpRfl or XcpR∆90 variant lacking the N-terminal His6-tag. For the 
purpose of clarity, these constructs will be called XcpRfl-His, XcpR∆90-His and XcpYcyto-His, 
while the previous constructs in the pET15b+ vector will be called XcpRfl+His, XcpR∆90+His 
and XcpYcyto+His, respectively. Finally, XcpRfl encoded by the pET15b+ vector was also sub-
cloned into the pET22+ vector (Novagen) and pACYCDuet-1 vector using the NcoI and XhoI 
restriction sites. This resulted in a XcpRfl+His construct with an extra N-terminal PelB signal 
sequence for the transport to the periplasm and a XcpRfl+His construct in the pACYCDuet-1 
vector background, respectively.
A.2.2. Expression and solubility test of XcpRfl and XcpR∆90
For expression, the constructs were introduced into E. coli BL21 (DE3) and grown in LB 
medium supplied with carbenicillin (Duchefa Biochemie 100 µg/ml) or chloramphenicol 
(Duchefa Biochemie 25 µg/ml) at 37 ºC or 28 ºC. Protein expression was induced with 0.1 or 
1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG, Duchefa Biochemie) when an optical 
density of 0.6–1.0 at 600 nm (OD600) was reached and 1 ml samples were taken at different 
time points. Next, these samples were pelleted by centrifugation and resuspended in a 
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Table A.1. Overview of primers used in this study
Primer name 5’ —> 3’ sequence
XcpRfl-FW CATATGATGACAGCCCCATTACC
XcpRfl-RV CTCGAGTCATTATTCTTCCCGG
XcpR∆90-FW CATATGGCCGAGGACCTCGG
XcpYcyto-FW CATATGAGTGGAGTGAGTGCGCTGTTCC
XcpYcyto-RV GGATCCTTATCAGCGCGCGGCGAACTCGGCCTGG
volume of resuspension buffer (150 mM NaCl, 50 mM Tris-HCl pH 8.0) equal to the OD600 
x100 µl to normalize for the amount of cells (e.g. 100 µl for an OD600 of 1.0). Finally, 5 µl was 
mixed with 10 µl of Laemmli loading buffer (2% SDS (w/v), 10% glycerol (v/v), 0.002% 
bromophenol blue (w/v), and 125 mM Tris-HCl, pH 6.8) and 15 µl was loaded on a 15% 
SDS-PAGE for analysis.
For the solubility test, the resuspended sample was sonicated briefly, followed by a centrifu-
gation step (20000 x g, 15 min) to pellet cell-debris. The resulting pellet was again resus-
pended in the same way as described above. Five microlitre of the resuspended pellet and 10 
µl of supernatant were loaded on SDS-PAGE for analysis.
A.2.3. Large scale expression and purification of XcpRfl+His 
Optimal expression conditions (i.e. highest expression levels and largest amount of soluble 
protein) were obtained with expression at 28 ºC and induction at an OD600 of 0.4-0.6 with 0.5 
mM IPTG followed by growth for 1-2 h. Finally, the cells were harvested by centrifugation. 
Next, the pellet was resuspended (100 mM NaCl, 50 mM Tris-HCl, pH 8.0, 2 mM 
dithiothreitol (DTT, Sigma), 0.1 mM ZnCl2) in the presence of protease inhibitors 
(Complete®; Roche Applied Science), and the cells were lysed by sonication on ice. The 
clarified lysate was subjected to anion exchange chromatography on a source 30Q matrix 
(GE Healthcare) pre-equilibrated with buffer QA (20 mM Tris-HCl pH 8.0). Next, the column 
was washed with 200 mM NaCl in buffer QA and the protein was eluted with 1 M NaCl in 
buffer QA. Finally, the sample was purified on a Ni-NTA column pre-equilibrated in buffer 
NA (20 mM Tris-HCl pH 8.0, 500 mM NaCl) supplied with 10 mM imidazole, washed with 
buffer NA supplied with 50 mM imidazole and eluted with buffer NA supplied with 250 
mM imidazole. Samples containing XcpRfl were pooled and buffer was exchanged during 
several rounds of concentration and dilution on a 10,000 MWCO Viva spin column 
(Sartorius Stedim). 
A.2.4."Refolding of XcpRfl from insoluble pellet
Upon addition of 1 mM IPTG and followed by growth for 7 - 24 h, the majority of the XcpRfl
+His protein is found in the insoluble pellet after sonication. XcpRfl+His was refolded from 
these pellets using a protocol adapted from reference (Verstraete et al. 2009). Briefly, the cell 
pellets were resuspended and sonicated in wash-buffer (50 mM Tris-HCl pH 8.0, 100 mM 
NaCl, 1 mM EDTA, 0.2 mM PMSF, 1% Triton X-100) supplied with protease inhibitor cocktail 
(Complete®; Roche Applied Science). Finally the resuspension mixture was pelleted by 
centrifugation (20.000 x g for 15 min). This washing step was performed twice. After 
washing, the protein was solubilized by resuspending the pellet in solubilization buffer (6 M 
guanidinium hydrochloride (GnHCL), 100 mM NaPO4 pH 8.0, 10 mM Tris-HCl pH 8.0, 10 
mM β-mercaptoethanol) by means of sonication and the mixture was incubated at RT for at 
least 3 hours. After incubation, the non-solubilized protein and cell debris was pelleted and 
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the supernatant was subjected to affinity purification on Ni-sepharose matrix in the presence 
of 6 M GnHCl, 100 mM Na2HPO4, 10 mM Tris-HCl pH 8.0. The protein was subsequently 
washed in the same buffer at pH 8.0, 6.3 and 5.8, and eluted with 15 ml in the same buffer at 
pH 4.6. Finally, the protein was refolded by rapid dilution at 4 ºC by gently pipetting the 
protein solution (15 ml) into 500 ml of arginine buffer (100 mM Tris-HCl pH 8.0, 1 M 
Arginine, 1 mM EDTA, 2 mM DTT, 0.2 mM PMSF) and incubated overnight at 4 ºC. Before 
purification (see above), arginine was removed by extensive dialysis of the sample against 20 
mM Tris-HCl pH 7.5, 1 mM EDTA, 1 mM PMSF and 1 mM DTT using a 6,000-8,000 MWCO 
membrane (Spectrumlabs). During the last dialysis step, EDTA was excluded from the buffer 
and 0.1 mM ZnCl2 was added. 
A.2.5. Coexpression and binding test of XcpR and XcpYcyto 
To verify if the N1 subdomain is able to bind the cytoplasmic domain of XcpY, we 
coexpressed XcpRfl-His or XcpR∆90-His with XcpYcyto+His, or XcpRfl+His or XcpR∆90+His with 
XcpYcyto-His. Therefore the corresponding vectors were introduced together into E. coli BL21 
(DE3) and cells were grown in LB medium supplied carbenicillin (Duchefa Biochemie 100 
µg/ml) and chloramphenicol (Duchefa Biochemie 25 µg/ml) at 37 ºC. Protein expression 
was induced with 1 mM IPTG when an OD600 of 0.6–1.0 was reached followed by growth for 
5 - 7 h before harvesting the cells by centrifugation. 
Pellet from 5 ml of expression culture was resuspended in 1 ml of resuspension buffer (50 
mM Tris-HCl pH 8.0, 150 mM NaCl, 10% glycerol, 1 mM DTT) in the presence of protease 
inhibitors (Complete®; Roche Applied Science), and the cells were lysed by sonication on 
ice. After centrifugation, the clarified supernatant was loaded on a pre-equilibrated Ni-spin 
column built from 100 µl of Ni-NTA Agarose matrix and a DNA spin column. This 
combination worked as well as the commercially available Ni-spin columns. Next, the Ni 
matrix was washed three times by pipetting 500 µl of wash buffer (150 mM NaCl, 20 mM 
HEPES pH 8.0, 20 mM imidazole), followed by a centrifugation step (20 sec at 50 x g). 
Finally, the protein was eluted with 500 µl elution buffer (150 mM NaCl, 20 mM HEPES pH 
8.0, 200 mM Imidazole). Twenty µl of each fraction was mixed with 10 µl of Laemmli 
Loading Buffer (2% SDS (w/v), 10% glycerol (v/v), 0.002% bromophenol blue (w/v), and 
125 mM Tris-HCl, pH 6.8), boiled at 95 ºC for 10 minutes and loaded on a 10% SDS-PAGE for 
analysis.
A.2.6. Purification of the XcpRfl-XcpYcyto complex 
The pellet from the coexpression of XcpRfl-His (pACYCDuet-1) and XcpYcyto+His (pET15b+) 
was resuspended in resuspension buffer (50mM Tris-HCl pH 8.0, 150mM NaCl, 10% (v/v) 
glycerol, 1mM DTT) in the presence of protease inhibitors (Complete®; Roche Applied 
Science), and the cells were lysed by sonication on ice. After centrifugation, the supernatant 
was filtrated (0.22 µm) and loaded onto a Ni-NTA column (Qiagen) pre-equilibrated with 
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buffer A (20mM HEPES pH 8.0, 150 mM NaCl, 10% (v/v) glycerol) supplied with 10 mM 
imidazole. After washing with 10 mM imidazole in buffer A, the protein was eluted using a 
continuous gradient from 10 mM to 500 mM imidazole in buffer A in 20 minutes and with a 
flow rate of 2 ml/min. Samples containing XcpRfl-His and XcpYcyto+His , as judged by SDS-
PAGE, were pooled and concentrated using a 5,000 MWCO Viva spin 15R column (Sartorius 
Stedim) and subjected to size exclusion chromatography (SEC) on a Superdex-200 column 
(GE healthcare) pre-equilibrated with buffer A. In order to check the stability of the complex 
on SEC, fractions of the XcpR-His/XcpYcyto+His complex, were pooled and injected again on 
the same column. Alternatively, the pooled sample was subjected to cross-linking with 1,5-
Difluoro-2,4-dinitrobenzene (DFDNB, Pierce). Briefly, about 250 µM of DFDNB (final 
concentration) was added to the 600 µl sample from a 10x stock (2.5 mM) and incubated for 
~ 120 min at RT before quenching the reaction by adding 50 µl of 1 M Tris-HCl pH 8.0. A 
timescale cross-linking experiment at 4 ºC with DFDNB was performed by stopping the 
reaction at 2, 10, 30, 40, 70, 120, 150 min or 24 h. Samples from 2, 10, 30, 70, 120 min were 
analysed on SDS-PAGE, samples from 10, 40, 150 min and 24 h were analyzed by SEC. For 
Small Angle X-ray Scattering, the amount of glycerol in the SEC buffer was reduced to 5% 
(v/v). 
A.2.7. Small Angle X-ray Scattering and analysis and structural modeling
Small Angle X-ray Scattering (SAXS) measurements were performed on the X33 beamline at 
the Doris III storage ring, DESY (Hamburg, Germany). The samples were analyzed in batch 
mode with concentrations of 0.5, 1.0, 3.0, 5.0 and 10.0 mg/ml for the XcpRfl-His/XcpYcyto+His 
complex and 1.0, 5.0 and 10.0 mg/ml for XcpYctyo+His. Data quality was verified using 
PRIMUS of the ATSAS software package (Konarev et al. 2003). BSA was measured as a stan-
dard to calculate the MW of the unknown sample by multiplying the molecular weight 
(MW) of BSA (~ average 72kDa) with the I0 value of the unknown sample and dividing by 
the obtained I0 value of BSA (77.60). MW calculation on a relative scale was done by using 
SAXSMoW (Fischer et al. 2010) or by applying the method described in reference (Rambo & 
Tainer 2013). Ab initio DAMMIF models were generated by using the online web interface 
on the EMBL website (http://www.embl-hamburg.de/biosaxs/atsas-online) (Svergun 1999). 
Next, all ab initio models were clustered using DAMCLUST or subjected to DAMAVER 
(Volkov & Svergun 2003) for alignment and averaging. Crysol analysis of EpsLcyto and the 
EpsLcyto elongated model was done online against the averaged data from the two highest 
concentrations and using the standard settings. The elongated model was made using Pymol 
(The PyMOL Molecular Graphics System, Version 1.4, Schrödinger, LLC). 
A.2.8. Electron microscopy analysis
The XcpR-His/XcpYcyto+His complex was concentrated to a concentration of 1 mg/ml in the 
presence of 10% glycerol. Next, 5 µl of the sample was spotted on fresh glow-discharged 
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carbon-coated grids an incubated for 2 min at room temperature. The grid was stained for 1 
min with 1% uranyl acetate and blotted. Finally, the preparations were examined on a Jeol 
2100 transmission electron microscope at 200 kV. 
A.2.9. Protein analysis by mass-spectrometry
For identification of protein bands on SDS-PAGE by peptide mass fingerprinting, 
appropriate bands were cut out and digested with trypsin overnight at 37 °C. The peptides 
were subsequently extracted, dried and dissolved in 10 µl 0.1% formic acid. One microliter 
of the digestion mixture was mixed with an equal volume of matrix solution (3 mg/ml α-
cyano hydroxycinnamic acid (Sigma), 50% (v/v) acetronitrile and 0.1% (v/v) trifluoroacetic 
acid) and subsequently subjected to mass spectrometric analyses on a 4800 plus TOF/TOF 
analyzer (Applied Biosystems).
Native and denaturing electrospray ionization mass spectrometry (ESI-MS) measurements 
were performed on a Synapt G1 (Waters) coupled with an Advion Nanomate source. For 
measurements under native conditions, protein samples from peak fractions were 
exchanged to a buffer containing 50-200 mM ammonium acetate, pH 6.8 with a Biospin 6 
column (BioRad). External calibration of mass spectra was carried out using 5 mg/ml 
cesium iodide and experimental parameters for native mass spectrometry were optimized 
under the ion mobility spectrometry (IMS) model as described before (Ruotolo et al. 2008). 
Data analysis was processed with masslynx V4.1 and Driftscopt V2.3.
A.3. !Results and Discussion
A.3.1. Does P. aeruginosa PAO1 encodes yet another XcpR molecule? 
Generally, the NTD and CTD of the T2SS GspER ATPases, can be further subdivided in a N1 
and N2, and a C1, CM and C2 subdomain, respectively. However, in XpsE from X. campestris 
an extra N-terminal subdomain is present, and was labelled N0 (Chen et al. 2005; Johnson et 
al. 2006). Moreover, the authors of both papers also claimed that the N0 subdomain is pre-
sent in XcpR from P. aeruginosa. However, the sequence they labelled with XcpR does not 
correspond with the sequence of XcpR from the Xcp system. In order to identify this 
“pseudo-XcpR” protein, we blasted the sequence of this alternative XcpR. We found the cor-
responding Uniprot entry: #Q9I0G1 and the gene name PA2677 (strain PAO1). According to 
Uniprot, this protein was labeled as being predicted. In the Pseudomonas genome database 
(http://www.pseudomonas.com) (Winsor et al. 2011), gene PA2677 encoded for a probable 
type II secretion protein and was named HplR. Notably, HplR was reported before in a 
study on the discovery of the Hxc T2SS cluster, were Hpl stands for homologue to pil (Ball et 
al. 2002) and one year later in a genome wide sequence comparison between Pseudomonas 
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Figure A.1 - Sequence alignment of XpsE, HplR, EpsE and XcpR.  Sequence align-
ment generated by Clustal Omega (Sievers et al. 2011). Beneath the sequences, the 
conservation is indicated. Coloring of the sequence was done according to percentage 
identity,  with threshold of 30%. Above the sequence, the domain organization is anno-
tated based on the crystal structure of the N0 and N1 subdomain of XpsE (Chen et al. 
2005) and the crystal structure of the N2 subdomain and CTD of EpsE (Robien et al. 
2003). Walker A, Walker B, Asp and His boxes are given in light green. Red triangles = 
tetracysteine motif. Red dots = conserved arginine residues important for the ATPase 
activity and domain movement (Patrick et al. 2011). Purple dots = idem as red dots 
but are needed from a neighboring subunit in the hexameric assembly of the ATPase.
aeruginosa PAO1 and Pseudomonas fluorescens Pf0-1 (Ma et al. 2003). Downstream of HlpR, six 
additional genes are present with sequence homology to other Xcp proteins: HlpS (PA2676, 
homologous to XcpS), HplT (PA2675, homologous to XcpT), HplU (PA2674, homologous to 
XcpU), HlpV (PA2673, homologous to XcpV), HplW (PA2672, homologous to XcpW) and 
HplX (PA2671, homologous to XcpX). Other homologues proteins, such as the secretin, 
seemed to be absent in this locus. A sequence alignment generated by Clustal Omega (Siev-
ers et al. 2011) between HplR, XcpR, EpsE and XpsE is given in figure A.1. Interestingly, us-
ing the SIAS server (http://imed.med.ucm.es/Tools/sias.html) for sequence identity and 
similarity calculation, HplR was predicted to have higher sequence identity and similarity 
with XpsE (41.47% and 63.04% sequence identity and similarity, respectively) than with 
XcpR (38.96% and 60.2% sequence identity and similarity, respectively). In comparison XcpR 
and EpsE share 67.22% sequence identity and 84.44% sequence similarity. In contrast to 
XpsE, HplR contains a conserved tetracysteine motif (Fig. A.1).
As the hpl cluster does not contain a canonical secretin, this system is probably not active. 
Alternatively, it is possible that it forms a functional complex with proteins encoded else-
where on the chromosome. In this regard, we want to note that beside xqhA, two other secre-
tin genes are found in the chromosome of P. aeruginosa, called xqhB and xqhC, respectively 
(Ma et al. 2003). However, in contrast to the xphA, no xphB or xphC counterparts are found. 
For the purpose of clarity, XcpR in this thesis refers to the XcpR found in the Xcp T2S system 
of P. aeruginosa and contains only the N1 and N2 subdomain. 
A.3.2."The N-terminal N1 domain of XcpR causes insolubility problems
Expression and solubility tests of XcpRfl+His and XcpR∆90+His were performed by introduc-
ing the corresponding pET15b+ vector into the BL21(DE3) E. coli strain, generally used for 
recombinant protein expression. Both proteins seem to express well (results not shown). 
However, after breaking the cells by sonication and pelleting the cell debris, only a small 
fraction of XcpRfl+His was found in supernatant. In contrast, XcpR∆90+His seemed to be much 
more soluble (Fig. A.2). Moreover, the small fraction of XcpRfl+His that was soluble seemed to 
be highly unstable and prone to aggregation during following purification steps (results not 
shown).
In the case of PulE, the presence of the tetracysteine motif caused severe intra- and intermo-
lecular disulfide bridges (Possot & Pugsley 1997). We reasoned that this might also be the 
case for XcpRfl+His. However, addition of DTT (up to 10 mM) or Triton X100 (up to 0.3%) did 
not solubilize the XcpRfl+His protein in the pellet (Fig. A.2). Nonetheless, we were able to 
solubilize XcpR from these inclusion bodies using 6 M guanidinium hydrochloride (GnHCl) 
and the reducing agent β-mercaptoethanol. Refolding was done via rapid dilution in pres-
ence of 1 mM DTT. This strategy yielded a large portion of solubilized XcpRfl+His protein, 
which could be purified on anion exchange chromatography, followed by immobilized 
metal affinity chromatography (IMAC) on a Ni-NTA column. Unfortunately, following at-
tempts to purify this protein via size exclusion chromatography (SEC) were unsuccessful, as 
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the protein probably precipitated during the concentrating step. Hence, we were not able to 
identify if the solubilized protein was correctly refolded or not. 
It is possible that the use of the high copy plasmid, in combination with the strong T7 pro-
moter may lead to a protein production rate that was too high for the cells to remain capable 
of assisting in correct folding of the expressed protein. To check this, we sub-cloned of 
XcpRfl+His into the low copy plasmid pACYCDuet-1 using the NcoI and XhoI restriction 
sites. The resulting construct was identical to the pET15b+ construct (XcpRfl+His), but with 
the low-copy number pACYCDuet-1 vector background. However, this did not improve the 
solubility of the protein (results not shown). Alternatively, redirecting the XcpR to the peri-
plasmic space by sub-cloning it in the pET22b+ vector, was disadvantageous for the protein 
expression.
                                                            ! Addendum - Preliminary Results   
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!" 194
Figure A.2 - solubility of XcpRfl+His and XcpRfl∆90+His. (A) Intrinsic solubility after 
expression. In both cases the protein is indicated by a black arrow; Corresponding 
molecular weight (MW) of XcpRfl+His = 57.7 kDa, XcpR∆90+His = 48.0 kDa. SN = Su-
pernatant, P = Pellet. (B) Solubility test of XcpRfl+His in the presence of DTT and Triton 
X100. DTT or triton X100 did not solubilize XcpRfl+His
A.3.3. The N1 domain of XcpR interacts with the cytoplasmic domain of " "
           XcpY 
The only difference between XcpRfl+His and XcpRfl∆90+His protein are the first 90 N-terminal 
residues, corresponding to the N1 subdomain. Interestingly, the same domain of EpsE is in-
volved in the binding of EpsL (Abendroth et al. 2005). To verify if the N1 subdomain is able 
to bind the cytoplasmic domain of XcpY, we performed a pull-down assay on Ni2+-matrix. 
Therefore, XcpRfl-His or XcpR∆90-His, and XcpRfl+His or XcpR∆90+His were coexpressed with 
XcpYcyto+His or XcpYcyto-His, respectively. As expected, XcpRfl-His but not XcpR∆90-His co-
eluted with XcpYcyto+His. Likewise, XcpYcyto-His co-eluted with XcpRfl+His, but not with 
XcpR∆90+His (Fig. A.3). These results indicate that the N1 subdomain of XcpR is needed for 
the binding of the cytoplasmic domain of XcpY. Interestingly, upon co-expression with 
XcpYcyto, XcpRfl is almost completely soluble.
A.3.4. The XcpRfl/XcpYcyto complex forms an unstable higher order " "
           complex
From the above experiment it was clear that XcpRfl-His is able to copurify with XcpYcyto+His, 
which markedly enhances its solubility and stability during purification (results not shown). 
Remarkably, on SEC the XcpR/XcpYcyto complex seemed to elute around 58 ml while the 
excess of XcpYcyto eluted around 84 ml (Fig. A.4, first run). Based on molecular weight 
(MW) calibration data of the column, the MW of the XcpR/XcpYcyto complex is estimated 
as being ~ 450 kDa, which would correspond to a hexameric assembly. However, elution 
volume of a protein on SEC also depends on the size and shape of the protein and hence the 
actual MW might be higher or lower than the value given here. Interestingly, when rerun-
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Figure A.3 - Copurification experiment of the different constructs of XcpR, XcpR∆90 
and XcpYcyto. The MW of the different constructs are given. Lane 1, 3, 5,  7 = total cell 
lysate; lane 2,  4, 6, 8 = elution of Ni-spin purification. Notably, as XcpR∆90-His was ex-
pressed from the low copy pACYCDuet-1 vector, only a very faith expression band of 
XcpR∆90-His was present (first lane). However, due to the low quality of the scan, this 
is not visible.
ning the fractions corresponding to the XcpR/XcpYcyto complex on the same column, one 
single peak is observed around 66 ml (~ 200 kDa). According to SDS-PAGE and mass-
spectrometry analysis both XcpRfl and XcpYcyto are present in this peak. Furthermore, us-
ing native mass-spectrometry, we observed a large population of heterodimeric XcpRfl/
XcpYcyto. However, also a population of monomeric XcpYcyto+His, monomeric XcpRfl-His 
(55520.5 ± 46.4 Da) and a species with a precise MW of 163423.6 ± 30.7 Da  (Fig. A.4) was de-
tected. Interestingly, a MW of ~ 160 kDa corresponds exactly to a heterotetramer of XcpRfl/
XcpYcyto complex (two molecules of XcpRfl and two molecules of XcpYcyto). This would 
agree with the findings of EpsE/EpsLcyto where both proteins crystallized as heterotetra-
mer, in which EpsLcyto formed the central dimer. Taken together, these results suggest that 
XcpR-His and XcpYcyto+His initially form a higher order complex, which might be hexameric 
(six times XcpR/XcpYcyto), but that this complex is unstable and falls apart (into 
monomeric (or dimeric) XcpRfl/XcpYcyto heterodimer). Furthermore, these results also in-
dicate that the interaction between XcpRfl and XcpYcyto complex is stable on its own, as no 
XcpYcyto was observed upon rerunning the XcpR/XcpYcyto sample on SEC (Fig. A.4, sec-
ond run).
A.3.5. XcpRfl/XcpYcyto complex can be cross-linked and forms large " "
           molecular species 
As the XcpR/XcpYcyto initially is able to form a higher order complex, we tried to stabilize 
this complex by means of cross-linking. Indeed, upon cross-linking the higher order complex 
reappeared (Fig. A.5A). As validated by peptide mass fingerprinting using MALDI-TOF, 
both XcpRfl and XcpYcyto were present in this cross-linked species (results not shown). 
However, two additional peaks were observed; one at 75 ml and one at 85 ml. The latter 
might correspond to free XcpYcyto (see above). To optimize the duration time of cross-
linking, we performed a timescale cross-linking experiment with DFDNB (Fig. A.5B and 
A.5C). Interestingly, when loading different fractions of this timescale experiment on SEC, 
we noticed that the peak around 85 ml was initially elevated, but decreased in size quickly 
upon longer cross-linking time. The inverse was observed for the higher order species peak 
around 53 ml (Fig A.5C). As DFDNB is dissolved in 100% DMSO, we suspect that DMSO is 
disastrous for the integrity of the XcpR/XcpYcyto complex. Nonetheless, upon longer incu-
bation time, the complex is probably reforming, indicated by the drop of the peak intensity 
at 84 ml. Notably, the longer cross-linking was allowed to proceed, the more the complex 
peak shifted to the left, indicating that the higher order species becomes bigger and bigger 
(results not shown). We concluded that the optimal yield of the cross-linked higher order 
species was obtained around 30-40 min. 
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A.3.4. XcpRfl/XcpYcyto complex precipitates upon addition of nucleotide
Next, we tried to stabilize the higher order complex by addition of 5 mM ATP, ADP or 
AMPNP in combination with 5 mM Mg chloride. Like in the case of XpsE, binding of nucleo-
tide might be needed of the formation for the complex. However, upon addition of one of 
the nucleotides, we see huge precipitation in the test-tube, which could be pelleted by cen-
trifugation. When analyzing this pellet on SDS-PAGE, it seems both that XcpRfl-His and 
XcpYcyto+His are present in the pellet, which might indicate that the complex itself does not 
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Figure A.4 - Copurification of XcpRfl-His with XcpYcyto+His. Black graph = first run on 
Superdex 200 after Ni-NTA, red graph = rerun of the complex peak of the first run on 
the same column in the same conditions. Underneath, the native mass-spectra of the 
complex peak of the second run (left) and the XcpYcyto (right). Beside monomeric 
XcpYcyto and the XcpR/XcpYcyto complex, a small fraction of monomeric XcpRfl 
and dimeric XcpR/XcpYcyto was measured.
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Figure A.5 - cross-linking of XcpRfl/XcpYcyto. (A) SEC of XcpR/XcpYcyto complex 
upon cross-linking of 120 min. We get a main peak at 53 ml, but two additional peaks 
at 75 ml and 85 ml can be observed. The latter probably corresponds to XcpYcyto. (B) 
Cross-linking time interval experiment. Upon longer incubation time, more and more 
complex is formed. From left to right: M = Marker; C = Control; 2 min; 10 min; 30 min; 
70 min; 120 min. (C) Time interval experiment of cross-linked sample analyses by SEC. 
At each time point the three peaks are denoted. Note that initially the peak at 84 ml is 
more elevated, but diminish steadily. The inverse is observed for the complex peak 
(56-48 ml). In each case the same amount of protein is injected. XL = peaks corre-
sponding to the cross-linker DFDNB. 
fall apart (results not shown). Moreover, mixing the sample with Laemmli Loading buffer, 
turned the sample yellow, indicating a pH at or below 3.0 (bromophenol blue indicator 
changes form purple to yellow between pH 4.6 and 3.0). Interestingly, precipitation of the 
complex was also observed upon addition of citric acid buffer pH 4.0 (4/5 citric acid buffer, 
1/5 concentrated sample). We therefore hypothesize that a shift in pH is the cause of this 
precipitation. Interestingly, the theoretically calculated pI of the protein complex is 5.73. We 
also want to note that XcpYcyto (pI 5.5) alone precipitates upon addition of one of the nu-
cleotides in combination with Mg2+. As for the complex, a shift in pH might be the cause for 
this behavior.
A.3.4. Structural study of the XcpRfl/XcpYcyto complex and XcpYcyto 
Attempts to derive reliable structural information for the XcpRfl/XcpYcyto complex or 
XcpYcyto alone by crystallography were unsuccessful. It seemed that the XcpR/XcpYcyto 
complex was not very soluble as most of the droplet in the crystal screen I and II (Hampton 
Research) showed precipitation with a concentration of 5 mg/ml and even 2 mg/ml. 
XcpYcyto alone was highly soluble and in both screens most of the drops were clear or 
showed phase separation. 
In contrast, our Small-Angle X-Ray Scattering (SAXS) experiments on the non-cross-linked 
XcpR/XcpYcyto sample and XcpYcyto were much more promising. However, in case of 
XcpR/XcpYcyto a concentration effect was observed, in which higher order species were 
observed at higher concentrations. This probably means that the oligomeric state of the 
sample changes depending on the protein concentration (Fig. A.6). Alternatively, this can 
also indicate that the sample is prone to aggregation. Because of this concentration effect, we 
did not attempt any calculation of ab initio models. 
In the case of XcpYcyto the SAXS data were of better quality, although not perfect. Especially 
the two highest concentrations gave high quality scattering curves (Fig. A.7A). Molecular 
weight estimation of XcpYcyto suggested that XcpYcyto was monomeric is solution. This 
would be complementary with the results obtained from SEC and native mass-spectrometry. 
Ab initio SAXS models were calculated for the averaged data from the two highest concentra-
tion. Interestingly, all twenty calculated models XcpYcyto have a kind of “chicken-leg” 
shape; a big lobe with a small attachment at one end (Fig. A.7B). An averaged model cover-
ing all twenty independent models is given (Fig A.7C)
Based on sequence alignments of the XcpY and EpsL, little homology is found between both 
proteins, particularly in the C-terminal part of the cytoplasmic domains (Fig A.8A). In this 
region, two big gaps of missing residues (Fig A.8A, red boxes) or extra residues (Fig A.8A, 
green boxes) are observed in the alignment. In EpsLcyto, some of these residues map onto a 
distal α-helix which binds in between two β-sheets and are missing in XcpY (Fig. A.8B). Al-
though other parts of the protein can fill in this space, this might indicate that this C-
terminal helix is absent or at least structurally different in XcpYcyto. Hence, the three-
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dimensional structure of XcpYcyto might look completely different from EpsLcyto, espe-
cially at the C-terminal end. Moreover, it is possible that the extension observed in the 
DAMMIF model is formed by the C-terminal region in XcpYcyto. Indeed, a remodeled ver-
sion of EpsLcyto, in which the C-terminus was stretched manually, fitted better to our ex-
perimental data and had a better score compared to EpsLcyto itself (Fig A.7D). In addition, 
the distance distribution function clearly shows one main peak and a right shoulder, indicat-
ing a possible two domain architecture (Fig A.7C). Although purely hypothetical, this struc-
tural difference observed between XcpYcyto and Epslcyto might also reflect two functional 
states of the protein; one in which the C-terminus is bound and one in which the C-terminus 
is not bound. Attractively, in the unbound state, the groove might form an interaction site for 
the cytoplasmic domains of other proteins of the T2SS such as XcpS, for which has been 
showed that it might interact with the XcpY/XcpR complex (Arts et al. 2007). Of course, 
more studies are needed to confirm (or disconfirm) these ideas.
In addition to SAXS experiments, we also performed negative stain electron microscopy ex-
periments on the non-cross-linked XcpRfl/XcpYcyto complex. The complex was first con-
centrated in the 10% glycerol buffer to 1 mg/ml before spotting on a carbon-coated grid. On 
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Figure A.6 - SAXS measurements of non-cross-linked XcpRfl/XcpYcyto complex. 
For each concentration the calculated MW is given using three different calculation 
techniques (see material and methods).  Please note the concentration effect: with in-
creasing concentration the measured species becomes bigger (higher I0 value).
MW calculation of XcpRfl/XcpYcyto complex
Conc BSA SaxsMOW Rambo
10 mg/ml 361.6 536.5 477.5
5 mg/ml 346.9 460.0 398.7
3 mg/ml 310.6 392.7 332.6
1 mg/ml 200.8 283.9 227.1
0.5 mg/ml 135.6 192.8 146.8
All values are in kDa. 
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MW calculation of XcpYcyto
Conc BSA SaxsMOW Rambo
10 mg/ml 32.2 40.4 23.3
5 mg/ml 28.8 36.4 ND
3 mg/ml 24.5 22.7 ND
Avg 30.0 37.2 35.0
All values are in kDa. ND = Not deter-
minable
extension
central lobe
Figure A.7 - SAXS measurements of XcpYcyto and ab initio  models. (A) For each 
concentration the calculated MW is given using three different calculation techniques 
(see material and methods). For the purpose of clarity, the scattering curve of the low-
est concentration is not given. Averaged data from the two highest concentrations. (B) 
Models of SAXS DAMMIF of XcpYcyto. Light grey = envelope of the union of models, 
averaged models, color = bead model of intersection of models belonging to the same 
cluster. Magenta = averaged model of DAMAVER. Two cluster were obtained by 
DAMCLUST: cluster 1 (14 models, normalized spatial discrepancy (NSD) within clus-
ter = 0.4990, chi value reference model = 0.956), cluster 2 (6 models, NSD within clus-
ter = 0.5374, chi value reference model = 0.966).  NSD between the clusters is 0.5915. 
(C) Distance Distribution function (Dmax = 12.0 nm), averaged DAMMIF model (ma-
genta), EpsLcyto (orange, pdb entry 1W97), EpsLcyto of which the C-terminus was 
manually remodeled in an elongated state (light brown). (D) Crysol analysis and cor-
responding chi values of EpsLcyto and remodeled EpsLcyto. 
                                                            ! Addendum - Preliminary Results   
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!" 202
Figure A.8 - Sequence alignment of XcpY 
and EpsL. (A) Sequence alignment gener-
ated by Clustal Omega (Sievers et al. 
2011). Missing residues in XcpY are 
marked in red, extra residues in XcpY are 
marked in green. (B) Crystal structure of 
EpsLcyto (pdb entry 1W97) (Abendroth et 
al. 2004). Residues colored in red are miss-
ing in XcpY, residues marked in green are 
inserted with extra residues in XcpY. Note 
that the most sequence variation is found 
in the C-terminal part of the cytoplasmic 
domain.
the electron micrograph several ring-like structures were visible (Fig. A.9). They had a size 
comparable to what was reported for other hexamer forming ATPases (about 10 nm). How-
ever, as obvious from the image, the sample was overloaded and the sample was not stable. 
Several following attempts to reproduce this result at a lower concentration were unsuccess-
ful, even in combination with freshly purified protein or cross-linked complex.
A.4. !Conclusions
In this first part of chapter 5, we provided evidence that the N1 subdomain of XcpRE is in-
volved in the interaction with XcpYLcyto. This interaction greatly enhances the stability and 
solubility of the former protein. Moreover, we have shown that in complex with XcpYLcyto, 
XcpRE forms higher order species. Unfortunately, this higher order complex was not stable 
as during a second SEC run only a much smaller species was observed. Based on our native 
mass-spectrometry results, this is smaller species probably corresponds to the monomeric 
heterodimer of XcpRE/XcpYLcyto, although small fractions of monomeric XcpRE and XcpYL-
cyto, and dimeric XcpRE/XcpYLcyto were observed. Our SAXS results and preliminary EM 
results indicated that XcpRE/XcpYLcyto possibly forms a higher order complex upon higher 
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Figure'A.9' +'Electron'Micrograph'of'the'XcpRﬂ/XcpYcyto'complex.'On!the!electron!
micrograph!several!ring=like !structures!are !visible !(red! arrows)!with!an!approximate!
size !of! ~10!nm!size.!This!is!comparable !to!the!reported!dimensions!for!other!hexamer!
forming!ATPases.
concentration. In the in vivo context, we assume that the binding to XcpYL embedded in the 
inner membrane (IM) might result in a local high concentration of the protein. Consequently, 
the driving force behind this oligomerisation might not lie within XcpRE itself, but in the IM 
platform of the T2SS. This way, secretion might be extra regulated by the association of 
XcpRE to XcpYL, as was recently proposed by a study on XpsER from X. campestris (Chen & 
Hu 2013). In this regard, copurification of XcpRE with the full-length versions of XcpYL, or 
even with the XcpYL/XcpZM complex might resolve the instability problem of XcpRE hex-
amer. In the above study, we have attempted to stabilizing the complex via cross-linking or 
addition of nucleotides. Unfortunately, both methods were not successful yet. After cross-
linking the sample is not completely homogeneous. Moreover, non-specific cross-linking 
might cause a problem. Indeed, the longer the cross-linking reaction is allowed to proceed, 
the “bigger” the species becomes. Intriguingly, direct addition of ATP, ADP or a non-
hydrolysable ATP analogue (AMPNP) the XcpRE/XcpYLcyto complex precipitated, which 
was probably a result of acidification of the sample. In this case a to old batch of nucleotide 
might have caused the problem. 
We have shown that XcpYLcyto is monomeric in solution and adopts a “chicken-leg” shape 
with a big lobe at one end and a smaller attachment at the other end. As more sequence 
variation between XcpYLcyto and EpsLYcyto is observed in the C-terminal region, we have 
proposed that the attachment probably accommodates the C-terminus of XcpYcyto. Hence, 
XcpYcyto might have a completely different structure as compared to EpsLYcyto and/or that 
this discrepancy might reflect two functional states of the GspLY protein. It would be worth 
to invest more time to elucidate the crystallographic structure of XcpYLcyto. A smaller, more 
compact construct of XcpYLctyo, in which the C-terminus is deleted, might help in this case. 
The followup of this work is now the main subject of the PhD thesis of my colleague Alek-
sandra Fulara.
A.5. !Author contributions
RVDM, GC and AF cloned, expressed and purified recombinant proteins. RVDM carried out 
all SAXS and cross-linking studies with contributions from YW. Binding test between 
XcpYcyto and XcpR performed by AF. YW carried out the mass spectrometry experiments. 
WVP carried out the EM experiment SNS and BD gave scientific support. 
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A.6. !Introduction
Secretins are large outer-membrane translocation channels formed by the homo-
oligomerisation of 12-15 subunits and are often resistant to boiling and/or SDS (Bayan et al. 
2006; Bitter 2003; Korotkov et al. 2012). They are not only found in T2SS, but also in T3SS 
(Koster et al. 1997), T4aPS (Collins et al. 2001), and in the filamentous pIV bacteriophages 
where they are important for the final assembly of the virus (Kazmierczak et al. 1994). Se-
quence alignment of the different secretin family members shows that these proteins consist 
of a large N-terminal and C-terminal domain, connected by a linker region, and a short C-
terminal tail (Genin & Boucher 1994). The large C-terminal domain contains the so-called 
canonical secretin motif and is the main driving force behind the proteins oligomerisation 
(Bitter et al. 1998; Brok et al. 1999). Although it is predicted to be rich in β-strands, no struc-
tural information at atomic level of this domain is available. Here we describe our attempts 
to reveal this missing piece of information. Next, we also describe some extra work on the 
N-terminal domain of XcpQ which did not get into the paper presented in chapter 2.
A.7. !Cloning, expression and purification of the C-terminal !
! domain of XcpQ
A DNA fragment covering the β-barrel domain and the short C-terminal tail region (residues 
358 - 658, numbering according to Uniprot entry #P35818, hereafter called XcpQ-Cterm) was 
cloned by using overlap extension PCR into the pMMB67EH vector. This construct was 
called pRBEV00 and contained the N-terminal the signal sequence of full-length XcpQ fol-
lowed by XcpQ-Cterm and a C-terminal His6-tag. pMMB67EH is a broad host vector and 
contains an IPTG inducible tac promotor. Because of these features, it can be used for expres-
sion in either Escherichia coli strains as well as in Pseudomonas aeruginosa or Pseudomonas al-
caligenes. 
To test expression, pRBEV00 was introduced into the E. coli strains BL21 (DE3), BL21-
CodonPlus (DE3)-RIL, C43 (DE3), P. aeruginosa strain PAN1 (∆xcpq mutant) and P. alcaligenes 
strain 537 (strain optimized for overproduction of XcpQ) and grown in LB medium supplied 
carbenicillin (Duchefa Biochemie 100 µg/ml) at 28 ºC and 200 rpm. Protein expression was 
induced with 0.1 or 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG, Duchefa 
Biochemie) when an optical density at 600 nm (OD600) of 0.6–1.0 or in the case of P. alcaligenes 
537 of 0.37 was reached and 1 ml samples were taken at different time points. Next, these 
samples were pelleted by centrifugation and resuspended in a volume of resuspension 
buffer (150 mM NaCl, 50 mM Tris-HCl pH 8.0) equal to the OD600 x 100 µl to normalize for 
the amount of cells (e.g. 100 µl for an OD600 of 1.0). Finally, 5 µl was mixed with 10 µl of 
Laemmli loading buffer (2% SDS (w/v), 10% glycerol (v/v), 0.002% bromophenol blue (w/
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Figure A.10 - Expression test and growth curves of pRBEV00 introduced into differ-
ent expression hosts. (A) Expression test of pRBEV00 introduced into the E. coli 
strains BL21 (DE3), BL21-CodonPlus (DE3)-RIL, C43 (DE3), P. aeruginosa strain PAN1 
(∆xcpq mutant) and P. alcaligenes strain 537. Protein expression was induced with 0.1 
or 1 mM IPTG (= time point 0h). Samples were taken at different time intervals after 
induction and loaded on SDS-PAGE. XcpQ-Cterm was well expressed in both Pseudo-
monas strains (red triangle). Interestingly, in the ON fractions of all E. coli strains a 
thick band around 25 kDa was present corresponding to the phage shock protein A as 
validated by mass-spectrometry (blue triangle). (B) OD600 growth curves of the differ-
ent strains. Expression of the pRBEV00 construct introduce a severe growth deficiency 
in P. alcaligenes, but not in the E. coli strains. In P. aeruginosa PAN1 only a mild growth 
deficiency is observed. M = marker
v), and 125 mM Tris-HCl, pH 6.8), boiled for 10 min at 95 ºC and finally loaded on a 15% 
SDS-PAGE for analysis. The results are given in figure A.10. 
Expression of XcpQ-Cterm (pRBEV00) seems to introduce a severe growth deficiency in P. 
alcaligenes, but not in the E. coli strains. In P. aeruginosa PAN1 we only observe a mild growth 
deficiency. Nonetheless, on SDS-PAGE a clear over expression band corresponding to the 
MW of XcpQ-Cterm (~37 kDa with signal sequence, ~34 kDa without signal sequence) was 
visible in the PAN1 strain in the fractions up to 5 h after induction, but disappeared after 24 
h. In P. alcaligenes 537 this band was still visible after 24 h (Fig A.10, red triangles). The pres-
ence of XcpQ in these bands was validated by peptide-mass fingerprinting. In E. coli, the 
protein band corresponding to the green triangles (Fig A.10, green triangles) might also cor-
respond to XcpQ, however its presence could not be validated by mass-spectrometry. How-
ever, in the ON fractions of all E. coli strains a thick band around 25 kDa was present corre-
sponding to the phage shock protein A as validated by mass-spectrometry. The predominant 
species observed after 24 h of induction in the PAN1 expression was not XcpQ-Cterm. Taken 
together, these results indicate that XcpQ-Cterm can be expressed in P. aeruginosa PAN1 and 
P. alcaligenes strain 537, and probably also in E. coli although at lower level. Moreover, in  E. 
coli, XcpQ-Cterm probably inserts into the IM and forms pores, as judged by de presence of a 
phage shock response. It is possible that this is also the case for the expression in the Pseu-
domonas species. Because of the higher yield in PAN1 cells we opted to use these cells for fu-
ture expression of the protein in combination with induction with 1 mM IPTG and growth 
for 5-7 hours. 
Next, XcpQ-Cterm was purified from the membrane using a protocol based on the reference 
(Newby et al. 2009). Briefly, cell pellet was dissolved in ~ 50 ml per liter of Pseudomonas 
culture of resuspension buffer (150 mM NaCl, 10 mM EDTA, 50 mM HEPES pH 8.0, 1% 
NP-40) supplied with protease inhibitor (Complete®; Roche Applied Science). To this 
Lysozyme was added to a final concentration of 1 mg/ml. Next, cells were sonicated and the 
membranes were isolated from cell debris by a differential centrifugation step at 10,000 x g 
for 20 min at 4 ºC. This step was performed twice. Finally, membranes were pelleted by a 
third centrifugation step at 100,000 x g for 90 min at 4 ºC. The ensuing membrane pellet was 
resuspended using a Potter-Elvehjem homogenizer into membrane buffer (50 mM Tris-HCl 
pH 8, 150 mM NaCl, 10% (v/v) glycerol) supplied with protease inhibitors (~5 ml per liter of 
initial culture). Samples of this membrane preparation were loaded on SDS-PAGE without 
boiling and analyzed by western blot with antibodies against the C-terminal His-tag. 
Interestingly, two extra bands, probably corresponding to a dimer (~ 75 kDa) and tetramer 
(~ 140 kDa) were observed (Fig. A.11A). Notably, XcpQ-Cterm seemed to be prone to (N-
terminal) degradation. This might indicate that (at least a part of) the protein is not well 
folded. 
A test extraction experiment was performed by adding 2% (w/v) n-Dodecyl β-D-maltoside 
(DDM, Anatrace), 10% (w/v) Anzergent 3-10 (Anz3-10 Anatrace), 2% (w/v) Anzergent 
3-12(Anz3-12, Anatrace), 1% (w/v) Sarkosyl (Anatrace), 2% (w/v) n-Dodecyl-N,N-
Dimethylamine-N-Oxide (LDAO, Anatrace) 2% (w/v) n-dodecyl-n,n-dimethyl glycine 
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Figure A.11 - Western-blot of membrane preparation and extraction of XcpQ-Cterm 
expressed from pRBEV00 or pRBEV01. (A) Two fold dilutions of membrane prepara-
tion of PAN1 cells expressing XcpQ-Cterm from the vector pRBEV00. Note the pres-
ence of higher order species, probably corresponding to dimers and tetramers of 
XcpQ-Cterm (red triangles). However, XcpQ-Cterm seemed also to be prone to (N-
terminal) degradation (yellow box). (B) Extraction test of XcpQ-Cterm with C-terminal 
His6-tag or (C) N-terminal His6-tag. In both cases best extraction was obtained with 
SDS (not shown), sarcosyl or 2Me-glycine.  Note that pRBEV00 has an extra band of 
unprocessed XcpQ-Cterm. In pRBEV01 this unprocessed band is completely absent. 
Furthermore, using 2Me-glycine as detergent,  XcpQ-Cterm was less prone to degrada-
tion. No higher order species were detected in case of pRBEV01. P = Pellet (positive 
control). We also want to note here that the extraction for pRBEV01 was done in buffer 
depleted of glycerol. This glycerol probably induces background signal in the samples 
H2O of pRBEV00. 
(2Me-glycine, Anatrace) or 5% β-octylglucopyranisode (β-OG, anatrace) to 1 ml of culture 
and incubate overnight at 4 ºC on rotary shaker. Next day the supernatant was collected by 
centrifugation for 30 min at 100.000 x g. About 20 µl was loaded on SDS-PAGE for analysis 
with Western blot. The results are given in figure A.11B. Best extraction was obtained with 
Sarkosyl and 2Me-glycine. Interestingly, Sarkosyl at a concentration of 0.5% (w/v) is 
normally used to isolate the outer membrane as it selectively dissolves the inner membrane 
and leaves the outer membrane intact (Gauthier et al. 2003; Hobb et al. 2009; Ilan et al. 1999; 
Nikaido 1994). Although we have used 1.0% for the extraction, this might indicate that 
XcpQ-Cterm is inserted in the IM (at least partially) in case of the Pseudomonas species, 
which would agree with the (initial) observed growth deficiency upon induction (Fig A.10). 
With both detergents, the higher order bands probably belonging to the dimer and tetramer 
were also observed (Fig A.11B). This might indicate that the higher order oligomeric 
structure of XcpQ-Cterm is not disrupted. These results correspond well to the findings of 
Bitter and coworkers, were XcpQ was purified as an oligomer in the presence of 2% (w/v) 
SDS and 20% (v/v) glycerol (Bitter et al. 1998). Because of the higher yield, we decided to 
use Sarkosyl for future extractions. Notably, XcpQ-Cterm can also be directly extracted from 
the cell-pellet without first membrane preparation. In this case, the two differential 
centrifugation steps at 10,000 x g were skipped (results not shown).
After extraction, XcpQ-Cterm was subjected to IMAC purification using a Ni-NTA column 
equilibrated with buffer A (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 10% glycerol, 0.5% (w/v) 
Sarkosyl) with 10 mM imidazole. Next, after washing, the protein was eluted using a con-
tinuous gradient from 10 mM to 500 mM imidazole in buffer A in 20 minutes and with a 
flow rate of 2 ml/min. Fractions containing XcpQ-Cterm were pooled, concentrated using a 
50,000 MWCO Vivaspin 15R column (Sartorius Stedim) and further purified on a Superdex 
200 (GE healthcare) column in SEC buffer (20 mM HEPES pH 8.0, 150 mM NaCl, 10% glyc-
erol, 1.0% (w/v) Sarkosyl) (Fig. A.12). In presence of 1% (w/v) Sarkosyl, XcpQ-Cterm elutes 
as on major peak around ~ 64 ml. However, some extra peak shoulders could be observed at 
the left. According to SDS-PAGE analysis, these peaks also contain XcpQ-Cterm, although in 
lower amount. The trailing right shoulder of the main peak also contains degradation prod-
ucts. Noteworthy, in the main fractions (Fig. A.12, green), an extra band can be observed 
above the main band of XcpQ-Cterm (Fig. A.12). Mass-spectrometry analysis of this band 
indicated that it was also XcpQ-Cterm. We therefore rationalized that it might be possibly 
unprocessed XcpQ-Cterm copurified with the normal processed XcpQ-Cterm. To eliminate 
this, a new XcpQ-Cterm construct was made, pRBEV01, which contained a N-terminal his6-
tag after the signal sequence. This new construct expressed well in the same expression con-
ditions and could be extracted with either 1% (w/v) Sarkosyl or 1% (w/v) 2Me-glycine (Fig. 
A.11C). As expected almost none unprocessed XcpQ-Cterm protein was detected on Western 
blot (Fig. A.11C). Noteworthy, according to the same Western blot, using 2Me-glycine as de-
tergent, XcpQ-Cterm was less prone to degradation. Unfortunately, subsequent purification 
attempts on Ni-NTA using either Sarcosyl of 2Me-glycine as detergent only yielded a very 
low amount of purified protein. We reasoned that, because of the design of the construct, the 
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His6-tag is probably not or less accessible. Adding a longer linker might help in this case. 
Alternatively, fusion of XcpQ-Cterm to GST-tag or a fluorescence-tag, such as mCherry 
(Clontech), might also be an option and might even add extra stability to the XcpQ-Cterm 
protein.
Finally, we want to note that our attempts to derive structural information for the XcpQ-
Cterm (pRBEV00) by means of crystallography were yet unsuccessful although a lot of crys-
tal hits were observed (Table A.2). However, these crystal did either not diffract or were salt 
crystals. As the crystallization was tried in the presence of 1.0% Sarkosyl, we assume that 
some of these crystals might have been detergent crystals. Exchange to other detergents like 
DDM, LDAO, β-OG or Anz3-12 (at least 2x CMC) by dialysis were disastrous for the protein 
as in all four cases precipitation was observed. We did not analyzed the crystals on SDS-
PAGE, as we got the opportunity to test the crystals directly in front of an X-ray beam. None-
theless, these primarily results are already quiet promising. Improving the sample purity 
and homogeneity by making new constructs might help in this case. Alternatively, we can 
use other approaches specific for membrane proteins such as crystallization in the lipidic 
mesophase (cubic & sponge phase), or bicelles. Addition of lipids to the crystallization mix-
ture might also help.
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Figure A.12 - Size exclusion chromatogram of XcpQ-Cterm (pRBEV00) in the pres-
ence of 1.0% (w/v) Sarkosyl. In presence of 1% Sarkosyl, XcpQ-Cterm elutes as on 
major peak around ~ 64 ml. Extra peak shoulders could be observed at the left. Ac-
cording to SDS-PAGE analysis, these peaks also contain XcpQ-Cterm, although in 
lower amount. Notably, an extra band (~ 37 kDa) was present above the main band of 
XcpQ-Cterm (~34 kDa), corresponding to unprocessed XcpQ-Cterm. 
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Table'A.2'+'Overview'of'crystallization'hits'XcpQ+Cterm'(~10'mg/ml'in'1.0%'Sarkosyl)
Condition Salt Buﬀer Precipitant X+tal'looks
CSI/II%B12 0.2!M!Ca!chloride!dihydrate!0.1!M!Na!acetate!trihydrate!
pH!4.6
20%!v/v!2=Propanol small!crystal!needles
CSI/II%C4 1.6!M!Na!citrate!tribasic!dihy=
drate!pH!6.5
halo!with!radial!spikes
CSI/II%D9 !0.2!M!Zn!acetate!dihydrate 0.1!M!Na!cacodylate!trihy=
drate!pH!6.5
18%!w/v!PEG!8,000 small!needles
CSI/II%D10 0.2!M!Ca!acetate!hydrate !0.1!M!Na!cacodylate!trihy=
drate!pH!6.5
!18%!w/v!PEG!8,000 long!needle
CSI/II%E12 0.1!M!Cd!chloride!hydrate 0.1!M!Na!acetate!trihydrate!
pH!4.6
30%!v/v!PEG!400 cubic
CSI/II%G10 0.05!M!Cd!sulfate!hydrate 0.1!M!HEPES!pH!7.5 1.0!M!Na!acetate!trihydrate cubic
MemGold%B3 0.05!M!Ca!chloride
0.05!M!Ba!chloride
!0.1!M!Tris=HCl!pH!8.2 32%!PEG!400 needle
MemGold%B5 0.1!M!Mg!cholride 0.03!M!Tris=HCl!pH!8.2 19%!PEG!4,000 plates
MemGold%D1 0.2!M!Ca!chloride 0.1!M!HEPES!pH!7.5 53%!PEG!400 Needle
MemGold%D2 0.05!M!Mg!acetate 0.05!M!Na!acetate
pH!5.0
28%!PEG400 irregular
MemGold%D4 0.2!M!Ca!chloride 0.1!M!Tris=HCl!pH!8.0 44%!PEG!400 skin!with!crystals
MemGold%D6 0.2!M!Ca!chloride 0.1!M!MES!pH!6.5 26%!PEG!350!MME small!plates
MemGold%E9 0.1!M!Na!chloride
0.1!M!Cd!chloride
0.1!M!Tris=HCl
pH!8.0
33%!PEG!400 Cubic,!irregular
MemGold%F1 0.3!M!Mg!nitrate 0.1!M!Tris=HCl!pH!8.0 23!%!w/v!PEG!2000 needles
MemGold%F9 0.2!M!Ca!chloride 0.1!M!HEPES!pH!7.0 33%!PEG!400 thick!needles
MemGold%F10 0.1!M!Ca!chloride 0.1!M!Tris=HCl!pH!6.5 13!%!w/v!PEG!2000!MME small!plates
MemGold%G2 0.05M!glycine!pH!9.0 55%!PEG!400 Zeppelin!like!crystals
MemGold%H7 0.2!M!Ca!chloride 0.1!M!MES!pH!6.5 33%!v/v!PEG!400 small!plates
Index%D4 0.1!M!Citric!acid!pH!3.5 25%!w/v!PEG!3,350 irregular
Index%E6 0.05!M!Ca!chloride!
dihydrate
0.1!M!BIS=TRIS!pH!6.5 30%!v/v!PEG!monomethyl!ether!550 irregular
Index%E7 0.05!M!Mg!chloride!
hexahydrate
0.1!M!HEPES!pH!7.5 30%!v/v!PEG!monomethyl!ether!550 irregular
Midas%A11 0.2!M!Ca!chloride 0.1!M!HEPES!pH!6.5 35%!pentaerythritol!ethoxylate!
(15/4!EO/OH)
small!plates!&!needles
Midas%C11 0.1!M!Mg!formate 0.1!M!Tris=HCl!pH!8.5 30%!pentaerythritol!ethoxylate!
(15/4!EO/OH)
irregular
Midas%G3 40%!glycerol!ethoxylate irregular
Midas%G6 0.2!M!Li!citrate 35%!glycerol!ethoxylate irregular
Midas%G7 0.2!M!NH4!acetate 0.1!M!MES=NaOH!pH!6.5 30%!glycerol!ethoxylate irregular
Midas%H12 0.1!M!Tris=HCl!pH!8 15%!poly(vinyl!pyrrolidone)!K15
25%!PEG!5000
halo!with!radial!spikes
Memstart/Memsys%A7 0.1!M!Na!citrate!pH!5.6 1.0M!Mg!sulphate Crystals!under!skin
Memstart/Memsys%B9 0.1!M!Na!chloride 0.1!M!Na!citrate!pH!5.6 30%!PEG!400 irregular
Memstart/Memsys%B10 0.1!M!Li!Sulphate 0.1!M!Na!citrate!pH!5.6 30%!PEG!400 irregular
Memstart/Memsys%B12 0.1!M!Mg!cholride 0.1!M!HEPES!pH!7.5 30%!PEG!400 irregular
Memstart/Memsys%C2 0.2M!Na!citrate 0.1!M!Tris=HCl!pH!8.5 30%!PEG!400 irregular
Memstart/Memsys%C3 0.1!M!Zn!acetate 0.1!M!Na!acetate!pH!4.6 12%!PEG!4000 Needles
Memstart/Memsys%D8 0.2!M!Zn!acetate 0.1!M!MES!6.5 10%!PEG!8000 Needles
Memstart/Memsys%D9 0.2!M!Ca!acetate 0.1!M!MES!6.5 10%!PEG!8000 Needles
Memstart/Memsys%E4 0.1!M!Na!chloride 0.1!M!Na!citrate!pH!5.5 !30%!PEG!400 irregular
Memstart/Memsys%E5 0.1!M!Na!chloride
0.1!M!Li!sulphate
0.1!M!Na!citrate!pH!5.5 30%!v/v!PEG!400 irregular
Memstart/Memsys%E6 0.1!M!Na!chloride
0.1!M!Mg!chloride
0.1!M!Na!citrate!pH!5.5 30%!v/v!PEG!400 irregular
Memstart/Memsys%E9 0.1!M!Na!chloride 0.1!M!MES!pH!6.5 30%!v/v!PEG!400 irregular
Memstart/Memsys%E10 0.1!M!Na!chloride
0.1!M!Li!sulphate
0.1!M!MES!pH!6.5 30%!v/v!PEG!400 irregular
Memstart/Memsys%F3 0.1!M!HEPES!pH!7.5 30%!v/v!PEG!400 irregular
Memstart/Memsys%F4 0.1!M!Na!chloride 0.1!M!HEPES!pH!7.5 !30%!PEG!400 irregular
Memstart/Memsys%F5 0.1!M!Na!chloride
0.1!M!Li!sulphate
0.1!M!HEPES!pH!7.5 30%!v/v!PEG!400 irregular
Memstart/Memsys%F12 0.1!M!Na!chloride
0.1!M!Mg!Chloride
0.1!M!CAPSO!pH!9.5 30%!v/v!PEG!400 irregular
PEGIon%A7 0.2!M!Ca!chloride!dihydrate 20%!w/v!PEG!3,350 plates
PEGion%C2 0.2!M!Zn!acetate!dihydrate 20%!w/v!PEG!3,350 needles
PEGion%C4 0.2!M!Ca!acetate!hydrate 20%!w/v!PEG!3,350 needles!&!plates
A.8. !The cysteine mutant XcpQN0N2 S188C and S231C can ! !
! form disulphide bridges
As mentioned in the paper “New insights into the assembly of bacterial secretins: structural stud-
ies of the periplasmic domain of XcpQ from Pseudomonas aeruginosa” or chapter 2 in this thesis, 
we introduced some cysteine residues at diverse places onto the dimeric XcpQN0N2 structure, 
also called peri-XcpQ (Van der Meeren et al. 2013). Two mutants of XcpQN0N2 that were 
made, but were not mentioned in the paper were S188C and S231C (Fig. A.13). Both muta-
tions were constructed as a negative mutant, but appeared to form disulphide bridges, par-
ticularly the S188C mutant. Based on the XcpQ crystal structure, both mutants are located on 
the outside of the dimeric structure. This means that XcpQ monomers also interact side by 
side, forming an “outer dimer” structure. Likewise, the dimer observed in the crystal struc-
ture and formed in solution by the S210C mutant, is called the “inner dimer”. 
Intriguingly, upon size exclusion chromatography of S188C, instead of the two peaks, as ob-
served in case of S210C, two additional peaks were present (Fig. A.13A). SDS-PAGE analysis 
showed that these peaks contain both monomers and outer dimers. This supports, but not 
proves, the idea that XcpQ can form “inner dimers”: the “outer dimers” are not stable on 
their own and need an extra monomeric molecule to bind to its ends. As expected, upon in-
duction with H2O2, more outer dimers were formed whereby also the additional peaks 
gained intensity (results not shown). 
Next, based on above results, we constructed the double mutant S210C+S188C. We rational-
ized, that upon induction with H2O2 a higher order species will be formed. This was indeed 
the case (Fig. A.13B). In absence of any inducer, two elution peaks are observed, in accor-
dance with the single S210C and S188C mutant. However, upon addition of H2O2, the peak 
shifted completely to the left. On native PAGE, this species migrated between 720 kDa and 1 
MDa. When loading the peak on 2-15% gradient SDS-PAGE in absence of β-
mercaptoethanol, we see a ladder pattern, indicating that the higher order species is in fact a 
mixture of different oligomeric proteins. Notably, except for the monomer, only bands that 
might correspond to an even number of subunits are observed.
A.9. !Author contributions
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Figure A.13 - Cysteine disulfide-bridge engineering in peri-XcpQ. (A) elution pro-
files of wild-type, S109C, S210C and S188C peri-XcpQ in size exclusion chromatogra-
phy and the corresponding SDS-PAGE analyses. For both wild type and S109C, the 
major peak was selected and submitted to oxidation by H2O2 or water as control prior 
the SDS-PAGE analysis. The elution profile of S210C peri-XcpQ mutant shows an ex-
tra peak that corresponds with a dimer of peri-XcpQ as shown on SDS-PAGE. In case 
of the S188C mutant, four peaks are observed. Peak 3 and 4 contain both monomers 
and dimers. (B) elution profile of the double mutant S210C/S188C without and with 
addition of H2O2. Upon oxidation, the double mutant forms a high MW species, 
which is a mixture of different oligomeric states, as judged by the native PAGE (left) 
and the denaturing 2-15% gradient SDS-PAGE (right). 
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